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Samenvatting

Dijken en duinen beschermen momenteel meer dan 9 miljoen mensen in Nederland
tegen overstromingen ten gevolge van extreme rivierwaterstanden of stormen op zee.
In 2050 moeten alle primaire waterkeringen (3500 km) aan de nieuwe waterveilig-
heidsnorm (vastgesteld in 2017) voldoen, maar anno 2021 moet 1500 km nog worden
versterkt. Deze versterkingen zullen moeten worden getoetst om te beoordelen of ze
aan de nieuwe eis voldoen. Hierbij wordt de faalkans van een dijk gezien als een com-
binatie van meerdere mechanismen die tot een dijkdoorbraak kunnen leiden. Een van
de belangrijkste faalmechanismen is macrostabiliteit: het afschuiven van het talud van
een dijk, vaak als gevolg van verminderde schuifweerstand door een verhoogde grond-
waterstand. Het grondwater reageert op de verhoogde rivierwaterstanden door directe
infiltratie in het rivierwaartse talud en door infiltratie in de ondergrond, waar over-
druk kan worden opgebouwd in watervoerende lagen die in directe verbinding staan
met de rivier. In de huidige toetsing van dijkstabiliteit worden de grondwaterstan-
den geschat met analytische benaderingsmethoden. Deze vereenvoudigde benadering
houdt echter slechts in beperkte mate rekening met hydrologische eigenschappen, he-
terogeniteit in natuurlijke ondergrond en de door de mens aangelegde rivierdijk, en
de hoogwatergolfvorm. Bovendien is de ondergrond in het rivierengebied als de Rijn-
Maas Delta vaak zeer heterogeen, wat de grondwaterstroming verder bëınvloedt. De
variabiliteit van deze parameters heeft een grote invloed op de grondwaterstand, en
deze negeren kan leiden tot foutieve berekeningen van de dijkveiligheid.

Het hoofddoel van dit onderzoek is daarom om te bepalen en kwantificeren wat in
een deltagebied de bijdrage van verschillende parameters is aan de onzekerheid in de
faalkansen van dijken als gevolg van variabiliteit in de grondwaterstanden. Hiertoe
combineerde ik een grondwatermodel van een rivierdijk en zijn omgeving met een
geomechanisch model voor dijkstabiliteit. In deze modellen varieerde ik verschillende
parameters, met de hypothese dat ze een effect hadden op de dijkstabiliteit door de
grondwaterstanden te bëınvloeden.

Het belang van materiaaleigenschappen en geometrie, gegeven stationaire grond-
watercondities, werd bestudeerd met een uitvoerige gevoeligheidsanalyse. De gevoe-
ligheidsanalyse omvatte vijftien parameters met betrekking tot geometrie, drainage-
condities en materiaaleigenschappen. Van deze parameters was de dijkstabiliteit het
meest gevoelig voor de helling van het dijktalud, gevolgd door het type materiaal in
de ondiepe ondergrond. Er bestaan complexe niet-lineaire relaties tussen het dijkma-
teriaal en het ondergrondmateriaal, doordat ze beide de dijkstabiliteit zowel direct
bëınvloeden via de geomechanische eigenschappen als ook indirect via de grondwa-
tercondities. Deze bevindingen zijn echter slechts valide als de grondwaterstroming
tijdens een hoogwaterevent stationair wordt, wat niet noodzakelijkerwijs het geval is.

Om het effect van niet-stationaire grondwaterstroming mee te nemen, werd de
bijdrage van onzekerheid in de hoogwatergolfvorm bestudeerd. Deze onzekerheid
werd afgeleid uit een database met extreme hoogwatergolven, en het dynamisch
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grondwatermodel werd gekoppeld aan een probabilistische dijkstabiliteitsbeoordeling
(FORM). Enerzijds resulteren tijdsafhankelijke grondwatercondities in lagere faal-
kansen voor macrostabiliteit in vergelijking met stationaire grondwatercondities. An-
derzijds leidt het meenemen van de totale onzekerheid in hoogwatergolfvormen tot
hogere faalkansen ten opzichte van de selectie van een enkele golfvorm. Derhalve kan
de onzekerheid in hoogwatergolfvorm even belangrijk zijn als de onzekerheid in de ge-
omechanische grondeigenschappen, en is het van belang dat deze wordt meegenomen
in de dijkbeoordeling.

Een extra bron van onzekerheid is daarnaast heterogeniteit in de dijkconstructie
en de natuurlijke ondergrond. De huidige rivierdijken hebben vaak een oude kern
die door de tijd werd versterkt en verhoogd, met een heterogene opbouw als ge-
volg. Een object- en procesgebaseerd algoritme (DETRIS; Dike Erection Tessellation
using Regionally Inherited Statistics) werd ontwikkeld die de heterogeniteit in mate-
riaal en geometrie zoals we die observeren in huidige historische rivierdijken na kan
bootsen. Archeologische dwarsdoorsneden van rivierdijken en eventueel beschikbare
lokale ondergrondgegevens vormen de basis van het algoritme. Door meerdere simula-
ties van DETRIS dijken te gebruiken voor grondwater- en dijkstabiliteitsberekeningen
ontstaat een probabilistische stabiliteitsbeoordeling inclusief de interne dijkheteroge-
niteit. Door relatief doorlatende lagen of zwakke zones in de dijk expliciet mee te
nemen ontstaat een meer realistische benadering van dijkstabiliteit.

Heterogeniteit in de natuurlijke ondergrond in een laaglanddelta, zoals de Rijn-
Maasdelta, bestaat vaak uit een complexe architectuur met zandige stroombanen in
kleiige komafzettingen, maar bevat ook kleinschalige variatie. In de huidige praktijk
wordt grondwaterstroming door deze complexe afzettingen vaak gebaseerd op een
vereenvoudigde geologische schematisatie en gereduceerd tot twee dimensies loodrecht
op de rivier. In vergelijking met een 3D grondwatermodel inclusief complexe geologie
kan 2D-modellering leiden tot ernstige onderschatting van de grondwaterstanden,
vooral als de riviergeul (in 3D) verbonden is met een watervoerende laag, maar deze
verbinding niet aanwezig is in de 2D dwarsdoorsnede. Een vereenvoudigde geologische
schematisering heeft in een 3D schematisering daarentegen slechts voor een kleiner en
meer lokaal effect op de grondwaterstanden. Uit onze analyse voor een representatief
gebied in de Nederlandse delta blijkt een 2D-grondwatermodel de dijkstabiliteit vaker
te onderschatten dan een 3D model met een simpelere geologische schematisatie.

Deze afzonderlijke thema’s onderworpen aan onzekerheid in grondwatercondities
en dijkstabiliteit zijn gecombineerd in één gevoeligheidsanalyse. Het freatisch vlak
in de dijk is het meest gevoelig voor (heterogeniteit in) de dijkopbouw, en de stijg-
hoogtes in de watervoerende laag zijn het gevoeligst voor de materiaaleigenschappen
van de ondiepe ondergrond. De dijkstabiliteit, als functie van zowel grondwater als
geomechanische eigenschappen, heeft een vrijwel gelijke gevoeligheid voor de hoogwa-
tergolfvorm, de dijkopbouw, het materiaal van de ondiepe ondergrond en de dimensie
(2D/3D) van het grondwatermodel. Aangezien klimaatverandering zeer waarschijnlijk
zal leiden tot extremere waterstanden in rivier en dientengevolge extremere grond-
waterstanden en mogelijk dijkfalen, is het van belang goede richtlijnen op te stellen
voor het meenemen van onzekerheid in grondwaterstanden in een beoordeling van
dijkstabiliteit.

2 Samenvatting



Summary

Dikes and dunes currently protect over 9 million people in the Netherlands from floods
as a result of extreme river water levels or storms at sea. Under the current river flood
protection assessment (active since 2017) all 3500 km of primary flood defenses must
comply with this new safety standard in 2050, but currently (anno 2021) 1500 km
needs to be reinforced to meet that requirement. Clearly, these reinforcements will
be assessed to meet the new safety requirements. In this assessment, dike failure
probability is seen as a combination of multiple mechanisms that can lead to dike
failure. One of the main failure mechanisms is dike slope instability: the mass move-
ment of soil on the slope of a dike, often as a result of decreased sliding resistance by
increased groundwater pressure heads. The increase in groundwater pressure during
high water levels in the river is caused by direct infiltration of the water through the
outer slope of the dike into the dike body, and by infiltration via the subsurface of
the dike from an aquifer that has a direct connection to the river. In the current
dike safety assessment, the groundwater conditions are estimated using an analyti-
cal approximation. However, this simplified method overlooks many parameters that
influence the groundwater conditions, such as hydrological parameter properties, het-
erogeneity in the natural subsurface and human-made river dike, and the shape of
the flood hydrograph. Additionally, the subsurface in the Rhine-Meuse delta is often
very heterogeneous, affecting groundwater flow. As a result, by ignoring the naturally
present variability of these parameters, false estimates of dike safety will be made.

The main objective of this research is therefore to assess and quantify the contri-
bution of various parameters to the uncertainty in dike failure probabilities resulting
from the variability in groundwater conditions in a delta setting. To achieve this, I
coupled a groundwater model of a river dike and its surroundings with a geomechani-
cal model that calculates dike slope stability. In these models, several parameters were
varied, which were expected to influence dike slope stability by affecting groundwater
conditions.

The importance of subsurface and geometry properties for dike slope stability un-
der steady-state groundwater conditions was studied by means of a global sensitivity
analysis. The sensitivity analysis encompassed fifteen parameters related to geome-
try, drainage conditions and material properties. Of these parameters, dike slope had
the largest influence on dike slope stability, followed by the type of subsurface mate-
rial. Interesting non-linear relations were observed between the dike and subsurface
material, which both influence dike slope stability directly via their geomechanical
properties and indirectly via the groundwater conditions. However, these results are
limited to the assumption that pressure heads reach steady-state conditions during a
high water event, which is not necessarily the case.

The importance of subsurface and geometry properties for dike slope stability
under steady-state groundwater conditions was studied through a global sensitivity
analysis. The sensitivity analysis included fifteen parameters related to geometry,
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drainage conditions, and material properties. Among these parameters, the slope
of the dike had the largest influence on dike slope stability, followed by the type of
subsurface material. Interesting nonlinear relationships were observed between the
dike and subsurface material, as they directly influenced dike slope stability through
their geomechanical properties and indirectly through the groundwater conditions.
However, these results are limited to the assumption that pressure heads reach steady-
state conditions during a high water event, which may not always be the case.

An additional source of uncertainty is the heterogeneity in the human-made river
dike and natural subsurface. The current river dikes often contain an old core that has
been reinforced multiple times with new material, resulting in a heterogeneous dike.
An object-based and process-based model, called DETRIS (Dike Erection Tessella-
tion using Regionally Inherited Statistics), was developed to replicate the patterns of
material heterogeneity observed in current river dikes with historical cores. This al-
gorithm utilizes archaeological cross-sections of river dikes and can be conditioned to
locally available ground truth data. By incorporating a set of heterogeneous DETRIS-
simulated river dikes into hydrological simulations and dike slope stability calcula-
tions, a probabilistic stability assessment considering internal dike heterogeneity is
achieved. This approach reduces dike slope stability uncertainty by more realistically
incorporating permeable layers or weak zones in the dike.

The natural subsurface in a lowland delta, like the Rhine-Meuse delta, exhibits
complex architecture with sandy channel belts and clayey floodplain deposits, in-
cluding smaller-scale variations. Current practices in groundwater estimations often
simplify the groundwater flow to two dimensions perpendicular to the river, based
on a simplified geological schematization. However, 2D modelling can significantly
underestimate groundwater conditions when the river channel is connected to a per-
meable deposit in three dimensions but not captured in the 2D cross-section. Con-
versely, using a simplified geological model in a 3D groundwater model has a minor
effect on simulated groundwater levels, mainly near the simplification. Our analysis
of a representative area in the Dutch delta suggests that a 2D groundwater model is
more prone to underestimating dike slope stability compared to a 3D model with a
simplified underlying geology.

These distinct factors, which are subject to uncertainty regarding groundwater
conditions and dike slope safety, were ultimately combined. The most sensitive fac-
tor for the phreatic level within the dike (including its heterogeneity) is the interior
composition of the dike itself, while the material type of the cover layer plays the
most significant role in determining pressure heads in the subsurface. When consid-
ering these effects in conjunction with the geomechanical parameters of the material
types, none of the following factors - flood wave shape, dike interior, material of the
subsurface layer, or the dimension of the groundwater model - exhibit a significantly
greater overall impact on dike slope safety than the others. Given the high likelihood
of climate change leading to more extreme high flow conditions and the crucial role
of groundwater conditions in potential dike failure, I strongly recommend the estab-
lishment of comprehensive guidelines for incorporating uncertainty in groundwater
conditions within dike slope safety assessments.

4 Summary
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1

Along Europe’s major rivers approximately 60,000 km of dikes protect the safety of
people living behind them. A breach of one of these dikes has massive consequences,
as testified by 45 major flood events that occurred in Europe between 1950 and 2005,
each of which resulted in more than 70 fatalities or a minimum economic damage
of 7.6·108 euro (Tourment, 2018). Within the Netherlands, over 9 million people
live in flood-prone areas but, owing to dikes and dunes, they are currently safe from
storms at sea or extreme river water levels. Flood protection in the Netherlands also
has a long history, as the earliest dikes were constructed in the early Middle Ages,
and at the start of the 16th century, most river branches were bordered by dikes
(Figure 1.1B). Throughout history, these river dikes were made progressively higher
and stronger to withstand more extreme conditions. In addition, the flood safety
assessment also progressed significantly, from a more reactive philosophy (we react
when a flood happens), via a pro-active philosophy (we act to prevent flooding), to
a water level based approach (we can build higher dikes than expected water levels)
in the recent past. Presently, an acceptable risk approach is adopted (we might
not always keep dry feet) (TeBrake, 2002; Kok et al., 2017). The current Dutch
Flood Protection Program will face major challenges in efficiently strengthening many
of the primary flood defenses to meet the new risk safety standards over the next
three decades. This risk-based approach encompasses multiple failure mechanisms for
river dikes and requires considering all factors influencing these failure mechanisms.
Therefore, understanding the influence of past processes, time-invariant and future
changes (such as earlier snow melt or an increase in extreme precipitation events due
to climate change (IPCC, 2022) leading to more extreme expected water levels) on
the required safety standard in terms of dike failure probability is crucial.

1.1 Current state of river flood protection assessment

Where the previous safety standards for river dikes relied on a certain exceedance
probability of hydraulic loads that the river dike could withstand, the new safety
standards since 2017 are based on acceptable failure probabilities for sections of flood
defenses (Figure 1.1A). safety in terms of dike failure probability is calculated in
four steps: In a flood hazard analysis (1) the frequencies of hydraulic loads (peak
flows, water levels, waves) are determined by hydraulic modelling and extreme value
statistics. Given the hydraulic load conditions, the reliability analysis of the flood
defence system (2) is considered for several failure mechanisms (for example piping
or overtopping). Then, given a dike failure, hydrodynamic models assess the dike
breach growth and inundation (3). Last, economical damage and life loss in the event
of flooding (4) is assessed in terms of three risk categories; individual risk, societal
risk and economic risk. A maximum acceptable risk is calculated for each of these
three categories per dike section, for example 10−5 per year (or 1 person per 100,000
years) for individual risk (the annual probability of being killed by a flood at a certain
location). The highest risk of these three criteria is used to derive the safety standard
for the flood protection system accordingly (Jonkman et al., 2018).

All flood protection measures must meet the new safety standards by 2050; how-
ever 1500 km of the total of 3500 km of primary flood defenses did by the end of
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Figure 1.1 Overview of the primary flood defenses in the Netherlands, including the max-
imal acceptable failure probability of a flood defence system according to the current (since
2017) dike safety standards (A) and the age of some of these flood defenses (B). It indicates
that, although flood protection has been on the agenda since the Middle Ages, the way we
look at flood protection still evolves.

2021 still not comply with the acceptable failure probability requirement specified in
the Dutch Flood Protection Program (in Dutch: Hoogwaterbeschermingsprogramma)
(HWBP, 2022). Clearly, a major task for the HWBP will be the coordination of many
new dike reinforcement projects, while at the same time the new standards of max-
imum acceptable failure probability must be enforced, considering multiple failure
mechanisms and the underlying processes. Due to the high cost of dike reinforce-
ments (3-20 million euros per km) and the limited space in the densely populated
delta, enhanced knowledge of dike failure mechanisms and the processes leading to
dike failure reduce the cost of dike reinforcements and support more societally ac-
ceptable flood defense measures.

1.2 Dike failure mechanisms

Four main groups of failure mechanisms can be distinguished that may lead to dike
failure: Overtopping, dike erosion, piping and slope instability (Figure 1.2A). Overtop-
ping indicates that water flows over the crest of the dike, inundating the area behind
the dike. This can be caused by either river water levels becoming higher than the
dike crest or by wave-runup and overtopping. Furthermore, the water flowing down
over the inner (landward) dike slope may cause dike erosion of the top layer, decreas-
ing the stability of the dike. In addition, wave impact on the outer (waterward) slope
may have a similar effect.
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Overtopping Piping

Slope instabilityDike erosion

Failure mechanisms

Clay

Sand

Typical groundwater conditions

A1 A2

A3 A4

B

Figure 1.2 Of the processes that may lead to dike failure (A), piping and slope instability
(A2, A4) have a strong link to local groundwater conditions. Whereas in a homogeneous
situation, these groundwater conditions (B) can be approximated by the aquifer pressure
heads (dark blue piezometers) and the phreatic level (light blue piezometers), this estimation
is less reliable if there is spatial or temporal heterogeneity in the river water levels or material
characteristics.

The other two main groups of failure mechanisms do not necessarily require water
levels to reach the dike crest elevation. These mechanisms are driven by groundwater
flow building up pressure heads below and within the dike body. Piping (Figure 1.2-
A2) creates a subsurface channel underneath the dike that threatens its structural
stability. It occurs high river flood stages cause a strong gradient in pressure heads
between the river and land side of the dike to build up in a sand body overlain by a
clayey cover layer, and consists of three stages: First, at the landward side of the dike
the cover layer ruptures due to the high pressure, then the underlying sand fluidifies
as it is no longer kept in place and finally erosion of the sandy layer occurs due to the
high pressure head gradients (van Gerven, 2004). Slope instability (Figure 1.2-A4)
considers multiple mechanisms (for example liquefaction and erosion due to seepage
at the exit point), but mostly focuses on inner slope failure (STBI) and outer slope
failure (STBU).

Slope failure is defined as the mass-movement of soil on the slope of a dike and
results primarily from the downslope component of the soil weight. After dike slope
failure, the dike crest height might be lowered to a level below the river water level or
the more vulnerable dike core might be exposed, leading to dike breaching. Failure is
often triggered by a reduction in the soil resistance in combination with a loss of lateral
support at the toe of the dike when groundwater levels in the dike rise in response
to the elevated river stages during and following a flood (’t Hart et al., 2016). Given
a certain set of geotechnical parameter values and hydrological conditions, dike slope
stability is expressed in a safety factor F . If some of these geotechnical parameters
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or the groundwater conditions are uncertain, the safety factor becomes uncertain as
well, resulting in a probability distribution of F that is often translated to a failure
probability, i.e. the chance that the dike becomes unstable (which occurs if F < 1).

1.3 Groundwater conditions related to slope instability and
current estimations

Somewhat simplified, the groundwater conditions that are important for dike slope
stability can be described by a phreatic surface and several pressure heads in the
deeper subsurface. The phreatic surface in the dike and the groundwater level in the
subsurface will rise during high water levels in the river due to direct infiltration of the
water through the outer slope of the dike into the dike body, and due to infiltration
via the subsurface of the dike from an aquifer that has a direct connection the river.
The phreatic level will be high in the dike and approximately at the surface elevation
on the landward side, whereas pressure heads in the subsurface can remain higher
than the surface elevation (Figure 1.2B)

The prescribed assessments of groundwater conditions for slope instability (Rijk-
swaterstaat, 2021) are based on analytical solutions and the pore pressures derived
from steady-state groundwater models (U.S. Army Corps of Engineers, 2003; TAW,
2004). In the Dutch case, this method provides an analytical approximation that
combines four typical subsurface scenarios with the dike geometry and subsurface hy-
drology: a clay dike on a thick clay layer, a clay dike on a sandy layer, a sand dike on
a clay layer, and a sand dike on a sandy layer. Given a certain subsurface scenario,
estimates of groundwater conditions are provided at two depths: a phreatic level in
the dike and a pressure head inside a sandy aquifer several meters underneath the
dike (Figure 1.2B). The estimations are furthermore based on data that can easily
be derived, such as the dike geometry, the expected river water level, the presence of
ditches, and the location of river to aquifer groundwater infiltration. However, this
analytical method has three major simplifying assumptions that do not always com-
ply with actual local conditions: (1) the dike interior is homogeneous, which is not
the case for most dikes that have a long history of improvement; (2) the subsurface is
homogeneous, which is unlikely for dikes bordering rivers in a lowland deltaic setting
where changes in the depositional conditions over time and space can lead to changes
in material over short vertical and horizontal distances, and (3) hydrological condi-
tions are quasi steady-state conditions, which due to the transient (dynamic) nature
of a flood wave are unlikely to be attained. Thus, the analytical approximation ig-
nores different sources of uncertainty, without which estimates of dike safety may be
in error and that should be considered to assess the failure probability of dikes.

1.4 Uncertainty in parameters influencing groundwater conditions
and dike slope stability

The current estimation of groundwater conditions is subject to uncertainty in two
ways: First, the values of some of the input parameters needed to describe groundwa-
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ter flow and slope stability are not exactly known as they are difficult to determine,
and second the relation between these parameters and the resulting groundwater con-
ditions and dike slope stability are sometimes poorly understood and therefore result
in an uncertain outcome too. This is seen as epistemic uncertainty: the uncertainty
due to the imperfection of our knowledge. In addition, there is also aleatoric un-
certainty, which is caused by the inherent variability of the natural system. The
epistemic uncertainty can be decreased by indicating these uncertainties and increas-
ing the knowledge of the processes behind the uncertainty. By doing this we can better
assess the impact of the simplifications mentioned before on dike slope stability. Re-
gressing from ‘know’ to ‘no-know’ various levels of uncertainty can be distinguished
(Walker et al., 2003): determinism, statistical uncertainty, scenario uncertainty, rec-
ognized ignorance and total ignorance.

1.4.1 Determinism
Determinism indicates that there is no uncertainty, it represents the situation in
which we know parameters precisely (Walker et al., 2003). Related to groundwater
conditions, deterministic parameters are mostly surface parameters, for example land
surface topography, dike slope angle or the presence and dimension of surface water
drainage channels. Most of these parameters are expected to have a large impact on
dike slope safety, as for example constructing less steep dike slopes results in more
stable dikes and increasing the hinterland drainage rate can lead to lower groundwater
levels beneath the dike. However, these parameters can often be determined in high
detail (for example with LIDAR surveys or ground-based geodetic instruments), thus
even with a large sensitivity of dike slope safety to these parameters the dike slope
stability will also remain deterministic.

1.4.2 Statistical uncertainty
Statistical uncertainty indicates that the uncertainty can be captured by statistical
properties. Related to dike stability, the variables of concern are mostly the subsurface
parameters such as saturated conductivity, angle of internal friction, or shear strength
increase exponent.

Such properties are either derived from a combination of cores and lab tests, from
geophysical data, and from field tests. The distribution of the values around a most
likely value is strongly related to the sampling error, the degree to which a certain
number of measurements is representative for the corresponding (geological) unit.
Nonetheless, data is always acquired as point observations, especially in the horizontal
direction. Consequently, these parameter values are often applied in a probabilistic
analysis (Gui et al., 2000; Cao et al., 2016) to assess their probable response on dike
hydrology and stability, or a representative deterministic value is derived from the
probability density.

1.4.3 Scenario uncertainty
Scenario uncertainty implies that there are multiple plausible outcomes, but the mech-
anisms leading to these outcomes are expected to be inherently random or not well
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understood. As such, these scenarios indicate what might happen and are all as-
sumed to be equally likely. Related to groundwater conditions, these are subsurface
architecture, dike buildup and flood wave shape.

The variable three-dimensional architecture of the delta and the overlying dikes
are difficult to determine in high detail. The heterogeneity of the natural subsurface
(the Rhine-Meuse delta) is the result of the delta’s development in the past 8000 years.
After the last glacial period rapid sea level rise occurred until 6000 years BP, which
created a large accommodation space for river and coastal deposits (Berendsen and
Stouthamer, 2000). By this time, the most inland position of the shoreline was reached
(Stouthamer et al., 2011) and the previously present barrier island system gradually
changed into a beach barrier system. This system resulted in calm conditions behind
the beach barrier, allowing for a phase of extensive peat formation that lasted up to
2000 years BP (Pierik et al., 2018). Meanwhile, the Rhine River continued to bring
fluvial material to the delta, which resulted in channel-belt sand bodies accompanied
by finer levee and overbank deposits. Increased sediment load after 3000 years BP
in the Rhine River triggered a series of avulsions, increased overbank deposition and
new river branch development (Erkens and Cohen, 2009). These new systems partly
eroded the previously formed peat, until the last major avulsion occurred 1400 yr
BP. After the completion of an extensive dike network along the rivers around 700
yr BP, fluvial sedimentation was confined to the floodplain. Currently, the Holocene
deltaic wedge increases from 1 m near the delta apex to over 15 m near the shoreline.
The sandy channel belt deposits, finer levee and overbank sediments and extensive
peat deposits alternate and at many locations similar deposits from different river
systems (with different material characteristics) are interconnected (Gouw, 2008). At
a regional scale, the architecture of these deposits is well known because a significant
amount of subsurface data has been collected (Stafleu and Dubelaar, 2016; Cohen,
2017), for example through cores. However, the 3D subsurface, when used in dike
safety calculations, is often represented by 1D subsurface profile scenarios (Hijma
and Lam, 2015). These scenarios consist of depth-sequences of geological units and
are sometimes assigned a probability of occurrence, but this is not always feasible;
thus, we classify this aspect as scenario uncertainty.

The dike core heterogeneity is a result of its history as well, as many river dikes in
the Netherlands have a long history and are still located where they were first erected
in the Medieval ages. These dikes often consist of layers of different materials, which
were reinforced in several phases using soil material chosen based on availability rather
than engineering properties. Often, the construction material for the dike cover layer
was extracted from a clay pit in the floodplain next to the dike (van Heiningen, 1978).
Although the maintenance and improvement of the river dikes were governed by water
boards, local landowners were still responsible for the upkeep up to the 19th century.
However, few documents from that time survived, and thus accurate documentation
on the reinforcements of the dike and the resulting inner structure of the dike body
is often unavailable.

Furthermore, flood wave shape variability is large as it is determined by many
factors, such as rainfall over the river basin, antecedent moisture conditions within
the basin, the presence of hydropower dams or weirs in the upstream basin, upstream
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inundation, and local floodplain roughness, among others. Several methods are pro-
posed to provide statistical uncertainty for the flood wave shape, such as a single
design discharge wave given a maximum expected water level (Butera and Tanda,
2006), or probabilistic methods coupling for example the probability of the peak flow
discharge and duration (Balistrocchi et al., 2019). Such methods generally simplify
several parameters (Hegnauer et al., 2014), thereby not fully accounting for the actual
uncertainty associated with flood wave shapes and groundwater conditions. To still
classify the uncertainty of flood wave shapes, the GRADE dataset (Hegnauer et al.,
2014) provides flood waves derived from a combination of rainfall-runoff modelling
and hydrodynamic river models for the Rhine River. However, although this provides
scenarios of flood wave shapes, all these scenarios are possible, and no single scenario
is more valid than any other. Changing river regimes due to climate change also falls
into this category.

1.4.4 Recognized ignorance and total ignorance
Recognized ignorance can also be seen as knowledge uncertainty and relates to a
fundamental lack of understanding of the mechanisms and relationships at stake.
Total ignorance implies a deep level of uncertainty, but there is little to say on aspects
belonging to total ignorance, as any aspect mentioned here would not totally be
ignored.

Whereas the previous levels of uncertainty focused on the uncertainty in deter-
mining values for driving variables, recognized ignorance uncertainty is present in the
relation between these driving variables, the groundwater conditions, and the dike
slope stability. The basic influence (e.g. material with a higher permeability often
results in higher pore pressures) is relatively well understood, but large uncertain-
ties arise when the system becomes more heterogeneous, for example when adding
multiple layers, a spatially heterogeneous geological architecture, or a complex and
heterogeneous dike body.

Numerical, physics-based groundwater models are used to represent groundwater
flow through and below dikes during high-flow events. Yet, as the simulated ground-
water conditions are coupled to 2D plane-strain stability models, most of the time
only a 2D transect perpendicular to the river is used (Meehan and Benjasupattananan,
2012; Lanzafame et al., 2017). As highly heterogeneous subsurface characteristics in
combination with large pressure head gradients between the river and the area be-
hind the dike are known to deflect groundwater flow paths, 2D groundwater models
are not representative for the pore pressure distribution in and below a dike (Jafari
et al., 2016). While this is widely acknowledged, 3D groundwater models are in prac-
tice rarely used and little is known about the impacts of this simplification in model
dimension on pressure head estimates used in slope stability assessments of dikes.

1.5 Objective and research questions

This research is part of the larger research program All-Risk that aimed to support
the reinforcement of flood defences at an increased pace and decreased cost while
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considering the implementation’s governance and legal aspects (Kok et al., 2022).
Therefore, this research is strongly entangled with decreasing the recognized igno-
rance of uncertainty related to groundwater conditions for dike slope stability: in the
end, we want more efficient dike reinforcements while not knowing all parameters ex-
actly, thus knowledge of relations and processes is required. By using a physics-based
numerical groundwater model, whether in 2D or 3D, we can highlight important re-
lations between input parameters, such as lithological heterogeneity in the dike and
the subsurface, and groundwater induced slope stability.

The lack of detailed knowledge on groundwater conditions near river dikes and un-
derstanding their implications for dike safety, especially in relation to the parameters
mentioned above, was the main reason for this research. This research contributes to
providing innovative techniques, novel methods and improved understanding of pro-
cesses related to dike failure mechanisms and dike reinforcement projects. The main
objective is to assess and quantify the importance of various parameters
leading to uncertainty in dike failure probabilities resulting from variabil-
ity in groundwater conditions in a delta setting. To this end, based on the
above-mentioned types of uncertainty, the following research questions are addressed,
each focusing on different parameters and potential contributors to uncertainty in
dike stability assessments:

RQ 1 Which subsurface and geometrical properties influence dike stability estimates
the most under steady-state conditions?

RQ 2 What is the influence of flood wave shapes on probabilistic dike slope stability
under transient groundwater conditions?

RQ 3 How can we incorporate the heterogeneous dike interior?

RQ 4 To what extent do the downgraded information from 2D groundwater simulations
and simplified geological schematizations bias the results of a hydrological model
and stability assessment?

1.6 Research approach

The research questions are all wedged between the complex variability of the natu-
ral (and anthropogenic) environment and the simplified physics-based simulations of
groundwater and dike slope stability. In my approach I explored step by step how
different components (and their variability and uncertainty) contribute to the final
uncertainty in dike slope stability predictions by including these components in a
numerical groundwater flow model and dike slope stability analysis (Figure 1.3).

To determine which subsurface and geometry properties are most important under
steady-state conditions (RQ 1), I performed a global sensitivity analysis of dike slope
stability with a comprehensive hydro-stability model under steady-state hydrologi-
cal conditions (chapter 2). The sensitivity analysis encompasses fifteen parameters
related to geometry, drainage conditions and material properties. I prioritized the
main parameters, identified trends over the assessed parameter ranges and qualified
interaction between these parameters.
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Figure 1.3 Overview of the spatial domain in which the research questions are positioned
and corresponding simplified visualization of each of these research questions.
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The next step aimed to determine the influence of time-dependent flood wave
shapes on dike stability (RQ 2). For this purpose a set of flood wave shapes was
derived from a database of hydrographs, and subsequently evaluated for their effect on
probabilistic safety estimates of slope stability with transient groundwater conditions,
using a modeling chain consisting of a groundwater flow model and a probabilistic
dike slope safety assessment (chapter 3). These results were compared to current
analytical estimations and steady-state solutions and the importance of various wave
shape characteristics for dike slope stability was determined.

To incorporate the heterogeneous dike interior in stability analyses (RQ 3), I devel-
oped an object-based and process-based model (DETRIS; Dike Erection Tessellation
using Regionally Inherited Statistics) that simulates dike bodies, based on the con-
struction history of archaeological dike cross-sections, yielding patterns of heterogene-
ity similar to those observed in real dikes, and applied it in a dike safety assessment
(chapter 4). As many current river dikes still contain a core of medieval Age, this
model can more realistically and accurately incorporate dike interior heterogeneity in
the dike safety assessment.

As final step I explored to what extent realistic groundwater conditions can be
estimated using conventional simplifications, such as 2D groundwater simulations and
simple geological schematizations (RQ 4). This was done by comparing pressure heads
resulting from a multiplicity of groundwater models in 2D and 3D on both a simple
or complex geological schematization (chapter 5). As current methods for estimating
groundwater conditions for dike slope stability often use one (or both) of these sim-
plifications, this assessment can determine to what extent these simplifications are
acceptable.

Finally, chapter 6 integrates the results of this thesis, provides answers to the
research questions, and contains recommendations for further research and knowledge
implementation. It also provides an exemplary case study, in which the importance
of the various parameters for groundwater related dike safety is compared.
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2 Global Sensitivity Analysis of
Groundwater Related Dike Stability
under Extreme Loading Conditions

Based on: Teun van Woerkom, Rens van Beek, Hans Middelkoop, and
Marc F. P. Bierkens (2021). Global Sensitivity Analysis of Groundwa-
ter Related Dike Stability under Extreme Loading Conditions. Water,
13(21):3041

Abstract
With up to 15% of the world’s population being protected by dikes from flooding, climate-

change-induced river levels may dramatically increase the flood risk of these societies. Reli-

able assessments of dike stability will become increasingly important, but groundwater flow

through dikes is often oversimplified due to limited understanding of the important process

parameters. To improve the understanding of these parameters, we performed a global sen-

sitivity analysis on a comprehensive hydro-stability model. The sensitivity analysis encom-

passed fifteen parameters related to geometry, drainage conditions and material properties.

The following three sensitivity settings were selected to characterize model behavior: param-

eter prioritization, trend identification and interaction qualification. The first two showed

that dike stability is mostly dependent on the dike slope, followed by the type of subsurface

material. Interaction quantification indicated a very prominent interaction between the dike

and subsurface material, as it influences both groundwater conditions and dike stability di-

rectly. Despite our relatively simple model setup, a database containing the results of the

extensive Monte Carlo analysis succeeded in finding most of the unsafe sections identified by

the official inspection results. This supports the applicability of our results and demonstrates

that both geometry and subsurface parameters affect the groundwater conditions and dike

stability.
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2.1 Introduction

Over 45 major flood events occurred in Europe between 1950 and 2005 that each
resulted in more than 70 fatalities or a collected economic damage of 7.6·108 euro
(Tourment, 2018). As a result, many flood prone areas have an extensive network of
artificially elevated levees or dikes, which, along Europe’s major rivers, add up to a
length of approximately 60,000 km (ICOLD, 2018). To ensure the safety of people
living behind dikes, continuous maintenance and reinforcements are needed to warrant
the stability of dikes and their proper functioning during high water events. Climate
change, e.g., earlier snow melt or an increase in extreme precipitation events in the
upstream drainage area (IPCC, 2022), poses a new threat that may increase the risk
of a society to flooding (Middelkoop et al., 2001). To maintain safety levels under
changing climatic conditions, major investments are needed for dike maintenance
and reinforcement, of which the costs for the latter are in the order of 1–20 million
euro per kilometer (Tourment, 2018). Improved knowledge of the processes during
and following a high-water event that can result in dike failure is crucial for more
cost-effective dike reinforcements, which may reduce the total expenditures on dike
reinforcements substantially and can support more societally acceptable flood defense
measures (Eijgenraam et al., 2014).

Many dike failure mechanisms are related to local groundwater conditions and pore
pressures in the dike body. In response to elevated river stages, changing groundwater
conditions may increase the pore pressure and, thus, reduce the effective normal
strength, while, at the same time, the lateral load of river water pushing against the
dike is increased. Therefore, parts of its inner or outer slope may slip, or the dike
may slide along its base (soil slip sensu lato), threatening the structural integrity
of the dike. Accordingly, when analyzing a dike failure hazard in relation to high
groundwater levels and river stages, multiple failure mechanisms must be considered.

Although we acknowledge that critical groundwater heads in dikes are primarily
driven by the occurrence and nature of high-water events, their variation in space and
time also depends on surface geometry and subsurface properties. Previous research
on this topic can roughly be divided into the following three categories: research
focusing purely on hydrology, research focusing on single cases or research assessing
variability in either surface geometry or subsurface properties. An extensive analysis
of only the hydrology near a river dike was provided (Meehan and Benjasupattananan,
2012; Polanco and Rice, 2014). Research on a single case (Stanisz et al., 2017) was
often also focused on the effect of artificial reinforcements (Mateo-Lázaro et al., 2016;
PEÑUELA, 2013). Attempts including a local sensitivity analysis investigated the
influence of material properties (Lanzafame et al., 2017) or geometry (Vahedifard
et al., 2017) on the stability of embankments. In sum, none of these previous studies
conducted a full analysis that considers both variations in hydrological parameters as
factors influencing the stability of a dike.

Such a full analysis has already been widely applied in landslide probability mod-
elling (Canli et al., 2018; Collison and Anderson, 1996; Malet et al., 2005). Nonethe-
less, whereas slope hydrology is mostly dependent on rainfall infiltration, flow as a
result of elevated river water levels mostly occurs horizontally and is often affected
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by intersecting aquitards, resulting in very different patterns of groundwater flow and
pore pressure buildup. These differences inhibit the direct application of results from
landslide modelling to river dike failure scenarios. Nonetheless, to assess variations in
hydrological parameters as factors influencing the stability of a dike, a comprehensive
hydro-stability system needs to be modelled.

To quantify the model and parameter uncertainty, local sensitivity approaches
estimating the partial derivatives of the model at a specific point in the parameter
space are no longer sufficient (Iooss and Lemâıtre, 2015). Alternatively, a global
sensitivity analysis can handle nonlinearity and local variations expected in more
complex models. A global sensitivity analysis considers the entire variation of the
input factors (Saltelli et al., 2008). Global sensitivity analysis recently gained interest
in environmental modelling (Ferretti et al., 2016), and the different goals and methods
related to global sensitivity in environmental models have been extensively reviewed
(Pianosi et al., 2016; Song et al., 2015). Hydrological models have seen a similar rise
in interest for global sensitivity analysis, both from a methodological point of view
(Borgonovo et al., 2017; Ciriello et al., 2019; Ratto et al., 2007) and for analyzing
geo-hydrological systems (Bianchi Janetti et al., 2019) and slope stability uncertainty
(Guo et al., 2019; Hamm et al., 2006; Xu et al., 2020). Though some attempts have
been made to analyze the global sensitivity of dike stability based on the uncertainty
in its internal characteristics (Lanzafame et al., 2017; Guo et al., 2019), no complete
sensitivity analysis covering both geometrical and subsurface characteristics has yet
been made.

Thus, to assess both geometrical and subsurface characteristics of dikes, we cre-
ated a coupled high-resolution groundwater model and a limit equilibrium stability
analysis. To constrain our results and to highlight first-order relationships, we evalu-
ated the stability under the most critical loading conditions and the maximum pore
water pressures. Three failure mechanisms that affect the macro-stability of a dike
were considered, being inner slope stability, outer slope stability and basal sliding, as
their occurrence is directly linked to the geometry of a dike and its composition.

To add to previous research on both river dike hydrology and global sensitivity
analysis, the goal of our analysis was to identify the overall stability of a dike in terms
of its factor of safety F under different hydrological loading conditions, subsurface
geometries and material properties, and including pore pressure calculations. In this
work, our research goal translates into the following three sensitivity settings to char-
acterize model behavior: parameter prioritization, trend identification and interaction
qualification. We aim to provide insights in each of these settings while maintaining
a reasonable computation time. For parameter prioritization we used the Elementary
Effect (Morris, 1991) and the delta-importance measure (Borgonovo, 2007). As we are
mostly interested in those factors that could lead to unstable dikes, we used a regional
sensitivity analysis (RSA) to perform trend identification and identify regions in the
parameter space with a safety factor below one. For interaction qualification, we fo-
cused on the subsurface, and used response surfaces to analyze the interaction activate
between hydrology, material characteristics and dike stability. Moreover, the outcome
of this global sensitivity analysis can be used to inform semi-qualitative assessments
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of dike stability as often applied in regional inventories, and the conducted set of
model runs is used for a direct comparison to a case study site in the Netherlands.

2.2 Materials and Methods

2.2.1 Case-study schematization
We applied the global sensitivity analysis on a cross-section from the river to the
hinterland behind the dike. Fifteen parameters (Table 2.1) describe the cross-section,
subdivided in the following three groups: topographical parameters, subsurface pa-
rameters and human management parameters. The topography is described by the
following six parameters: the dike height (Dh), dike crest width (Dw), dike slope
(Ds) and floodplain width (Fw), riverbed slope (Rs) and river depth (Rd) (Figure
2.1). The subsurface is described by five parameters, which divide the subsurface in
three units with uniform characteristics. The dike is schematized by its material type
(Dtyp), in addition to the previously mentioned geometry parameters Dtyp, Dw and
Ds. The upper subsurface layer is schematized by a thickness (Uthck) and material
type (Utyp). The same applies to the lower subsurface layer (Lthck, Ltyp). Two pa-
rameters describe human management by specifying the drainage conditions behind
the dike (Figure 2.1), which are drain spacing (Drs) and drainage depth (Drd).

2.2.2 Coupled hydrology-stability model
Hydrological model setup
We added a stability module to a groundwater model to examine the stability of
the schematized cross-section. The MODFLOW 6 software (Hughes et al., 2017;
Langevin et al., 2019), a Modular Three-Dimensional Finite-Difference Groundwater
Flow Model, simulates the groundwater conditions, which are included in the struc-
tural stability using the Generalized Limit Equilibrium Method (GLEM) (Fredlund
and Krahn, 1977; Fredlund et al., 1981). The MODFLOW 6 hydrological model is
constrained by the river water level and drainage depth. On the river side, the imposed
river stage at the top of the dike constitutes a head-controlled boundary condition

Figure 2.1 Schematization of model inputs, indicating the setup of the hydrological model.
See for their meaning, values and possible ranges Table 2.1 and Table 2.2.
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Table 2.1 Name, symbol and range of the model parameters. A visualization of each of the
parameters is shown in Figure 2.1. Layer type descriptions are found in Table 2.2

Parameter Symbol Range Unit

Dike height Dh 3-10 m
Dike crest width Dw 2-5 m
Dike slope Ds 0.2-1 m/m
Dike type Dtyp C-CL-L-SL-S -
Upper layer thickness Uthck 0.3-1.9 m
Upper layer type Utyp C-CL-L-SL-S -
Lower layer thickness Lthck 5-10 m
Lower layer type Ltyp C-CL-L-SL-S -
Foreland width Fw 0-100 m
Drainage depth Drd 0.1-2 m
Drainage spacing Drs 1-20 m
Riverbed slope Rs 0.33 m/m
River depth Rd 0.9*(Uthck+Lthck) m
Flood height H Dh m
Drawdown time Td 1 days

that is regulated by the MODFLOW river package. A head-controlled boundary on
the inner side of the dike is regulated by the MODFLOW drain package, which creates
outflow-only seepage points (Hughes et al., 2017). Seepage is possible if the hydraulic
head at the surface is higher than the surface elevation. In addition, at a distance
of Drs behind the dike, a ditch is located with a depth of Drs (Table 2.1), enabling
faster drainage of deeper layers.

The cell size is 0.5 m in all directions, which enables the assessment of small-scale
spatial variation while retaining the computational efficiency needed. The model first
performed a steady-state simulation, in which the river stage (H) was set at the dike
crest elevation. It was assumed that under these conditions, the pore pressures reach
their most critical values. After the steady-state simulation, a rapid drawdown of H
from the dike crest to the dike toe in a time period (Td) of one day was transiently
simulated with a 3-hour timestep. As pore pressures in the dike do not immediately
follow river water level changes and the stabilizing effect of the high river water
levels is absent, these conditions might provoke outer slope failure. An exploratory
sensitivity analysis showed a time step of 3 h does not significantly impact results
when compared to smaller time steps.

Dike slope stability model setup
Dike stability is expressed by the factor of safety (F ), which is calculated separately for
inner slope failure, basal sliding and outer slope failure using the Generalized Limit
Equilibrium Method (Fredlund and Krahn, 1977; Fredlund et al., 1981), resulting
in the following three safety factors: Finner, Flat, Fouter. This method solves both
moment and force equilibrium on a slip surface for different ratios between the vertical
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Table 2.2 Subsurface types and their abbreviations used in the model, related to the Dtyp,
Utyp and Ltyp parameters. The subsurface type is linked to the hydraulic conductivity
(Ksat), drained cohesion (c′), effective friction angle (ϕ), the bulk unit weight (γ) and the
saturated bulk unit weight (γsat).

Subsurface type Abbr. Ksat (md−1) c′ (kPa) ϕ (o) γ (kNm−3) γsat (kNm−3)

Clay C 0.13 5.0 17.5 17 17
Clay-Loam CL 0.18 4.0 22.5 18 18
Loam L 0.19 1.0 30.0 20 20
Sandy Loam SL 1.54 0.5 31.25 19.5 19.5
Sand S 8.94 0.0 32.5 18 20

and horizontal inter-slice shear forces. The relationship between the magnitude of the
inter-slice shear and normal forces is assumed to be constant (Morgenstern and Price,
1965). The factors of safety presented in this paper always represent the factor of
safety of the most critical circular slip surface, derived by an effective critical slip
surface minimization technique adapted from (Malkawi et al., 2001). To constrain
the slip surface for inner and outer sliding the slip surface is forced to enter on the
dike crest or on the corresponding dike side. For basal sliding an infinite slump radius
is assumed, which results in a horizontal slip surface and enables the calculation of F
using only force equilibrium. To ignore very small slumps not causing dike breaches,
a minimum cross-sectional slip surface area of 5 m2 is imposed.

2.2.3 Workflow and Parameters for Global Sensitivity Analysis
As conducting the entire global sensitivity analysis with all parameters was not a fea-
sible option due to increasing computation times, we first screened our inputs using
the Elementary Effect test (EE) (Morris, 1991; Campolongo et al., 2007). Hereby, we
identified which input parameters have a small contribution to the output variation in
high-dimensional models and can, therefore, be set to a fixed value. Subsequently, the
global sensitivity analysis was performed using a Monte-Carlo (MC) approach, as it
captures the entire range of possible combinations, while facilitating parameter inter-
action understanding (Figure 2.2). The Delta Moment-Independent measure (DMI)
(Borgonovo, 2007) was used to quantify the sensitivity of the factors contributing
significantly to the variation in the model output.

All variable parameters defining the cross-section are screened using the Elemen-
tary Effect test (EE). As no information is available a priori, the parameters are
sampled from a uniform distribution within their possible range (Table 2.1). The
material types (Dtyp, Utyp, Ltyp) each represent a single lithological class (Figure
2.3), having deterministic attributes used in the coupled hydrology-stability model.
We selected the values for these attributes (Table 2.2) based on characteristic values
in the literature. The hydraulic conductivity (Ksat) is derived from the geometric
mean of multiple laboratory Ksat measurements of soils with a relatively high den-
sity(Pachepsky and Park, 2015). The cohesion (c′), the effective friction angle (ϕ),
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Figure 2.2 Workflow of Global Sensitivity Analysis, focusing on the pre-processing by factor
fixing and performing the model runs. The specific measures used to qualify and quantify
sensitivity are discussed in Figure 2.4.

the bulk unit weight (γ) and the saturated bulk unit weight (γsat) are in line with
the European standardized characteristics for soil stability (CEN, 2004).

2.2.4 Parameter Prioritization
This sensitivity setting focuses on identifying the input factor (parameter) that has
the largest effect on the model output, e.g. the input factor that, when fixed, decreases
output variability the most. For this we used the Elementary Effect test (EE) and
the Delta Moment-Independent measure (DMI).

The Elementary Effect test (Campolongo et al., 2007) is an effective sensitivity
analysis (SA) method that is widely used for screening practices, as it provides rela-
tively good results at small sample sizes (Morris, 1991). This method is basically a
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Figure 2.3 Subsurface types used in the analysis as seen in the soil textural triangle, mod-
ified from (Soil Science Division Staff, 2017).

One-At-a-Time analysis, which is extended to the full input factor space. The original
method (Morris, 1991) measures sensitivity in terms of µ, indicating the first order
influence or elementary effect, and σ, indicating second order influences, being nonlin-
earity or interaction effects. For each input factor, random baseline points are selected
from which the others are varied (Figure 2.4A). Given function ”y” (in our case the
calculation of F ), step size ∆ and a random baseline sample X, the elementary effect
of input factor Xi is given by

EEi(X) =
y(X1, . . . , Xi−1, Xi +∆, Xi+1, . . . , Xk)

∆
(2.1)

The final µ for any input factor is the mean of the EEi at all baseline points X.
Non-monotonic models result in both positive and negative EE’s for a given input
factor, which average out when taking the mean. Therefore (Campolongo et al., 2007)
introduced µ∗, which is the mean of all absolute elementary effects and is found to be
suitable for input factor ranking.

µ∗
i =

1

r

r∑
j=1

|EEi(j)| (2.2)

where |EEi(j)| is the elementary effect for input factor Xi using the j-th step with
step size ∆, with r being the number of steps in the parameter space. A µ∗

i value
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Figure 2.4 Visual explanation of both SA methods used. The elementary effect EE (A)
uses a fixed step (δi, equation 2.1) of input factor Xi from random starting points and mea-
sures the change in result Y . Note that all arrows are of the same size in the X direction,
representing the fixed step size. The DMI method (B) is based on the area difference (high-
lighted in blue) between the continuous unconditional probability density function fY (y)
and a conditional unconditional probability density function fY |Xi

(y), which is based on a
sample of the unconditional input vector.

near zero indicates that the parameter has a small general effect on the output. This
measure is used in the Insensitive Factor fixing procedure.

The Delta Moment-Independent measure (DMI) (Borgonovo, 2007) is based on
shifts in the probability density function fY (y), contrary to most SA techniques,
which are variance-based. Variance-based sensitivity, according to classical utility
theory, is not suitable to describe uncertainty in case of a non-normal probability
distribution and in case of a non-quadratic utility function. Moreover, the probability
density function provides a more complete overview of sensitivity than variance-based
techniques. DMI returns the measure δi, which represents the non-overlapping area
between an unconditional input vector Xi, including all parameter values, and a
conditional input vector Xi, consisting of a subset of parameter values (Figure 2.4B).
Mathematically it is expressed as:

δi =
1

2
EXi [s(Xi)] (2.3)

with

EXi [s(Xi)] =

∫
fXi(xi)[

∫
|fY (y)− fY |Xi

(y)|dy]dxi (2.4)

which shows that the input factor specific δi depends on the shift in probability density
function for multiple conditional inputs Xi and on the underlying probability of that
shift to occur. As in our method a uniform probability function is used, the mean of
the separate shifts represents the final δi.
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2.2.5 Factor Fixing procedure
Factor fixing is often used as a SA setting in itself, where the goal is to simplify
the model and prevent overparameterization (Ratto et al., 2007). In this research, it
was just a means by which we aimed to keep MC simulation runs to an acceptable
level, i.e., by fixing the least influential parameters to some nominal value. To provide
evidence for the identification of the least influential parameters for the model output,
we used an iterative version of the SA repeatability test (Andres, 1997), previously
successfully adapted for environmental models (Nossent et al., 2011; Tang et al., 2007).
This approach focuses on testing the predictive capacity of parameters.

First, 1200 samples of all model parameters are created. The test then consists
of the comparison of two conditional input samples, X2 and X3, to the previously
created unconditional sample, X1. Set X2 fixes the input factors deemed insensi-
tive at a predetermined value, while X3 fixes the input factors deemed sensitive.
Afterwards, the unconditional result F (X) is compared with the conditional results
F (X2) and F (X3). If a correct classification of important and non-important param-
eters was used, the correlation coefficient (r2) between F (X2) and F (X1) approaches
1, while the correlation coefficient of F (X3) and F (X1) approaches 0, as the param-
eters fixed in X3 should have a small influence on the results. We iteratively applied
this approach, starting with only the most important factor classified as sensitive, and
consecutively also classifying the next important parameter as sensitive, until the cor-
relation coefficient r2F (X2)|F (X1) exceeds a certain threshold. A threshold r2F (X2)|F (X1)

of 0.95 has been successfully applied (Nossent et al., 2011) to limit the dimensionality
of a problem, while retaining sufficient model variability.

To initially rank the parameters from sensitive to insensitive, we used the en-
hanced Elementary Effects method (Campolongo et al., 2007) on the initial sample
X1. The iteration was performed for each failure mechanism separately, but we used
an inclusive selection strategy, indicating that only those parameters that were found
to be insensitive for all failure mechanisms were excluded from the MC-parameters.
Although the inclusive approach increases the dimensionality of our problem, it also
enables an easy comparison between the different failure mechanisms. As we used
a threshold for r2F (X2)|F (X1) of 0.95 as the closing criterion for the iterative Factor
Fixing procedure, this threshold being lower than 1 indicated that the factors to be
fixed still influenced the model outcome, though their influence was limited.

As this research was investigating worst case scenarios, any factor to be fixed
should have been set at a value that resulted in relatively low safety factors. This
value is selected from the input vector X(allparameters) that results in the globally
minimized F (X) within the specified parameter ranges (Table 2.3) for each failure
mechanism separately. Initiated at a random starting point, a modification of Powell’s
method (Powell, 1964) performs the minimization operation. This method performs
a bi-directional search in one dimension, meaning it searches for the local minimum
F (X) by changing only one input parameter. The input parameter is updated to
the value resulting in the minimum F (X), and the bi-directional search is applied
to the next input factor. After minimizing all input factors, the intermediate model
output is stored, and the first factor is again selected. When the difference between
the previous and current intermediate output is lower than a given threshold, the
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Table 2.3 Minimum F (X) per failure mechanism and parameter values of input vector
X resulting in that minimum F (X). See Table 2.1 for the abbreviations and units of the
parameters.

Basal sliding Inner slope stability Outer slope stability

Fmin 0.69 0.00 0.26

Dh 9.97 9.74 9.34
Dw 2.14 3.50 4.61
Ds 1:1 1:1 1:1
Dtyp Sand Sand Sandy Loam
Uthck 0.31 1.10 1.82
Utyp Clay Clay-Loam Loam
Lthck 5.07 7.50 5.25
Ltyp Clay Clay-Loam Clay-Loam
Fw 50 50 85
Drd -1.05 -1.05 -0.62
Drs 20.0 10.5 20.0

globally minimized input vector X is found. Though we acknowledge that fixing
only a single input factor to value in the globally minimized input vector does not
necessarily result in the local minimum F (X) at any given point in the parameter
space, we believe that it results in a safety factor near the real minimum at that point.

2.2.6 Factor Sampling
As neither the real parameter probability density functions of the selected model
parameters were known and no information was available on their correlation, we used
a uniform uncorrelated sampling strategy. The sensitive factors were sampled using
a discrete uniform distribution in their possible range (Table 2.1), which suggested
a known, finite number of outcomes that were equally plausible. We used five steps
(n) at which to sample discrete values from the minimum value (a) to the maximum
value (b) in the possible range given parameter p, i.e.,

xp = a, a+
b− a

n− 1
, a+ 2

b− a

n− 1
, . . . , b (2.5)

Afterwards, each possible combination of the parameter values was selected for the
MC analysis, resulting in a number of Pn model runs, with P being the number of
selected parameters.

2.2.7 Trend identification and interaction qualification
For trend identification and to increase our understanding of model sensitivity, we
explored whether any change toward higher parameter values would also lead to a
larger safety factor. To this end, we performed a regionalized sensitivity analysis
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(RSA), which aimed to identify regions in the input space that result in output in
a specified zone (Ratto et al., 2007). In our case, the selected zone was F ≤ 1,
as it was intuitively the most interesting region of model outcomes; that of dike
failure. To indicate this regional effect, we used p(F ≤ 1) as a measure, which is the
probability for a fixed parameter to result in F ≤ 1 given the variations of the other
parameters. This measure can be easily calculated as a result of the uniform discrete
sampling distribution. Interaction qualification uses response surfaces, which directly
show the correlation between material properties, groundwater and dike stability. As
we focused on a qualitative description and interpretation of these interactions, no
quantitative statistical measures were used.

2.3 Results

2.3.1 Exemplary results of the hydro-stability model
The typical model results that highlight the interplay between the model input factors,
groundwater hydrology and macro-stability are presented in Figure 2.5. Focusing on
changes in groundwater conditions, the phreatic surface in the dike after the steady-
state simulations (t0) seems to be more influenced by dike geometry than material
properties. Due to increased drainage, steeper and narrower dikes seem to result in a
generally lower phreatic level, as the hydraulic heads at the center of the dike are more
directly affected by gradient changes near the surface. Lower river water levels after
draw-down also affect the phreatic level, but the amount of lowering depends on the
possibility to drain the excess pore pressure. This is reflected in lower groundwater
levels at steeper and thus smaller dikes, at dikes on a sandy substrate and in case of
longer drawdown times.

For inner slope stability, these results have a more direct effect, as the minimum
factors of safety F are always found at t0, when the pore pressures are the highest.
For basal sliding, this is the case as well, although this is also influenced by the still
high river water levels, which apply a lateral force. As a result, the dike’s stability
related to basal sliding increases to infinity at te, as the river water level is at the
dike toe and no driving force is exerted by it. For outer slope stability, the opposite
argument applies, and due to a decrease in the lateral river water pressure, the lowest
F is most often found at te (Figure 2.5).

These example results clearly show that not only the safety factor, but also the slip
surface area and location are dependent on the hydrological conditions. Higher pore
pressures are likely to result in larger slumps that result in a greater chance of dike
breach, in addition to lower stability. The results also indicate an effect of drawdown
time, which is related to the flood wave shape, but in this study the drawdown time
(Td) was kept constant.

2.3.2 Parameter prioritization
Factor Fixing on globally minimized input vector
The values used to fix the insensitive factors are derived from the input vector X
that results in the globally minimized F (X). The globally minimized factor of safety
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(Fmin) is 0.69, 0.00 and 0.26 for basal sliding, inner slope stability and outer slope
stability respectively, of which the corresponding input vectors are shown in Table 2.3.
The iterative factor fixing is performed in the order of the mean absolute elementary
effect (µ∗) of each input factor per failure mechanism (Figure 2.6A). If the dike slope,
dike height, dike material type, upper subsurface type, lower subsurface type, upper
subsurface thickness, drainage spacing and foreland width are classified as sensitive,
the r2F (X2)|F (X1) ≥ 0.95 for all failure mechanisms. These eight factors (Figure 2.6)

are thus selected for the MC-analysis. Using the final F (X2) and F (X1), a mean
error in F of -2.76·10−1, 7.86·10−3 and -1.81·10−2 is observed for basal sliding, inner
slope stability and outer slope stability respectively, and a combined r2F (X2)|F (X1) of

Figure 2.5 Example results of the coupled hydro-stability model. Left two columns: steady
state with maximum loading equal to dike crest. Right two columns: falling water levels
from dike crest to dike toe. Continuous colored lines indicate hydraulic heads at the depth
of the dotted lines with a corresponding color. The black curved lines indicate the sliding
planes on the inner and outer slope of the dike associated with the minimum safety factor.
t0 indicates the steady-state results at maximum pressure, and te shows the results with
water levels returned to the dike toe elevation. For each situation the safety factors of basal
sliding (Flat), inner slope stability (Finner) and outer slope stability (Fouter) are presented.
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0.985 across all failure mechanisms. Based on these small errors and high correlation
coefficient the drainage depth, lower layer thickness and dike crest will be fixed.
Furthermore, most points in Figure 2.6B are above the 1:1 line, indicating that fixing
these input factors either results in equal or lower factors of safety, which suits our
goal of performing a sensitivity analysis under the most critical conditions and justifies
the use of the global minimum as the fixing point.

Delta Moment Independent measure
The eight sensitive parameters are selected for the global sensitivity analysis, which
results in 390,625 combinations for each failure mechanism. The DMI method (Fig-
ure 2.7), based on differences in output probability density functions, clearly indicates
that for each mechanism, the dike slope (Ds) is most influential. The other dike pa-
rameters, namely its height (Dh) and material properties (Dtyp), are also among the
more important factors. Furthermore, some input factors have a different importance
for the different failure mechanisms. For example, the foreland width Fw mainly influ-
ences the outer slope stability, while the spacing of drainage (Drs) mainly influences
the inner slope. Other important differences include the relatively high influence of
the Utyp for basal sliding, as the sliding surface at the dike base is in continuous
contact with this upper subsurface layer. Two remarkable differences are the smaller
influence of Dtyp on outer slope stability, and the high standard deviation related to
upper layer thickness regarding the inner slope stability (Figure 2.7). While these re-
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Figure 2.6 Factor Elementary Effects, leading to the factor rank per failure mechanism
(A). Fixing the insensitive factors results in the final scatter plot between the results of
the unconditional (unfixed) input, and conditional (partly fixed) input (B), leading to a
combined r2 of 0.985. Eight parameters (selection x-axis) are selected for the Monte-Carlo
analysis, namely dike slope (Ds), dike height (Dh), dike material type (Dtyp), upper layer
material type (Utyp), lower layer material type (Ltyp), upper layer thickness (Uthck), drainage
spacing (Drs) and foreland width (Fw).
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sults indicate the importance of several input parameters, they do not provide further
information about their relation to dike failure and local variability.

2.3.3 Trend identification
To identify the trend, the probability of an unstable dike p(F ≤ 1) given a certain
input factor value is determined (Figure 2.8). For basal sliding, only a small fraction of
the input factors’ combinations result in unstable dikes, making it the least important
process of dike failure. For inner and outer slope stability, the effect is often similar,
although critical safety factors are more often found for inner slope stability. Figure
2.8 reflects many of the DMI results (Figure 2.7), for example, a large influence of dike
slope and dike height, where less steep sleep slopes and lower dikes are, in general,
more likely to remain stable, and the small influence of Uthck. However, new insights
become apparent too, as it is shown that an increase in foreland width (Fw) increases
the outer slope stability only if the dike is less than 25 m away from the river. A
similar effect is seen regarding drainage spacing (Drs), which mostly decreases the
inner slope stability at small distances from the dike (<∼10 m).
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Figure 2.7 Results of global sensitivity analysis (DMI-method). The bars indicate the Delta
Moment-Independent measure (δi) per failure mechanism where higher values indicate a
greater sensitivity of the factor of safety to that variable (Table 2.1). Error bars show the
values ± 1 standard deviation (1 σ). Wider error bounds indicate greater variance in the
sensitivity for that parameter, possibly caused by parameter interaction.
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The most important local variability, however, is observed for the material types,
where a unidirectional change in the input factor does not necessarily result in a
unidirectional change in dike stability. Where any shift towards a sandier subsurface
will, on average, still result in a smaller pp(F ≤ 1) for outer slope stability, this is not
the case for inner slope stability, which has its lowest p(F ≤ 1) at Ltyp sandy loam.
An even more striking trend is observed for Dtyp, where the lowest failure probability
p(F ≤ 1) for outer slope stability and the highest failure probability for inner slope
stability both coincide at a sand dike. Although basal sliding results in failure less
often, a similar local variability in the response can be observed.

2.3.4 Subsurface interaction qualification
To explain these results in more detail, the response surfaces of the average dike
stability F at a given combination of material properties are compared with the
corresponding pore pressure (Figure 2.9). The results are in line with the p(F ≤ 1),
which, for example, shows that sand as Dtyp results in a low F for inner slope stability,
but reaches a high F for outer slope stability (Figure 2.9). The results also show
that low stability is strongly linked to high pore pressures, in addition to material
parameters related to strength, such as cohesion or friction angle. This is mostly
the case for basal sliding, where the low factors of safety are reached at both a clay
dike/sand cover layer and a sand dike/clay cover, while high pore pressures are only
observed in the latter situation.

However, for inner slope stability, there is a clear coincidence of high pore pres-
sures, sand dikes and low F values. As shown in Figure 2.5, the dikes are least stable
at t0, which, due to the initial steady state, shows maximum groundwater heads for
a dike type of sand, as it is more permeable. Sand dikes generally have low cohesion
and rely largely on frictional strength, but friction is lost as the high pore pressures
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Figure 2.8 Probability of failure p(F ≤ 1) given that the selected input factor is fixed at
the given value on the x-axis, and all other input factors are not fixed. Where p(F ≤ 1)
equals 0 all calculated dikes are stable, and with a p(F ≤ 1) of 1, all calculated dikes fail.
A large difference in the probability of failure between neighboring bars indicates a strong
local importance of that factor.
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reduce the effective normal stress. As the largest part of the slip surfaces intersects
the dike and only slightly touches the cover layer, subsurface types Utyp and Ltyp only
have a minor influence on the dike’s stability on the inside.

This is not the case for outer slope stability, which often finds its most unstable
condition at the end of river water drawdown. In this case, the dike’s stability is mostly
dependent on the hydrological conditions, as lower stability coincides with higher pore
pressures. Strikingly, low stability occurs most often for Dtyp sandy loam, for which
conductivity is high enough to become fully saturated during prolonged high river
water levels, but low enough to prevent rapid drainage when the river level falls. This
effect becomes more prominent when the material of the dike is more permeable than
that of the underlying layers; therefore, the excess pore pressure during river level
drawdown cannot dissipate to the underlying layers.

There are no apparent differences between shallow and deeper subsurface layers,
although the explanation differs. In case of a shallow subsurface layer (Utyp), the
lower permeability directly inhibits drainage into this layer, while an impermeable
deeper subsurface layer (Ltyp) inhibits flow to the lateral drainage channels installed
behind the dike.

2.4 Discussion and Practical Application

2.4.1 Global sensitivity indices for groundwater induced dike failure
Using the relations derived from the MC simulations, a database is constructed includ-
ing the input factors and related factors of safety. For each failure mechanism, 390,625
parameter combinations are in this database, of which p(F ≤ 1) was 0.02, 0.443 and
0.379 for basal sliding, inner slope stability and outer slope stability, respectively. It
follows that our assumptions of an infinitely long period of high-water level at the
dike crest followed by a rapid drawdown both favor inner and outer slope failure.
Nonetheless, the inner slope is generally more unstable, as its minimum stability is
reached during the infinitely long high water, whereas outer slope failure only occurs
during the drawdown. This rapid but transient drawdown decreases pore pressure,
which thus increases friction and results in more stable conditions than on the inner
slope. The larger fraction of simulations in the database with inner slope failures
matches with practical experience (Stuij et al., 2017), which suggests the modelling
assumptions in this paper result in groundwater conditions that are representative of
real-world conditions. Combining all three mechanisms results in a total p(F ≤ 1) of
0.48 out of all the combinations, i.e., based on simulations that result in F ≤ 1 for
one or more mechanisms.

All the parameters involved in the analysis have at least a small effect on the dike
stability. In general, the least influential parameters are Fw, Lthck and Drd. However,
the foreland width becomes influential at small values (Figure 2.8). Furthermore, the
inner and outer slope stability are insensitive to changes in the dike width given the
steady-state groundwater conditions, while the dike width does affect basal sliding.
In addition, drainage spacing influences inner slope stability mainly if drainage occurs
close to the dike. As such, many parameters have a considerable effect on a part of
their parameter space and a given failure mechanism, but few are important over
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Figure 2.9 Response surfaces of dike stability F on different combinations of dike and
subsurface properties. Low factors of safety clearly coincide with high (darker blue) hydraulic
heads for each failure mechanism. Note the different scales for both the y-axis (F ) as the
colors (heads).

their entire parameter space and for all the failure mechanisms. This suggests that
although global sensitivity analysis is a useful tool in determining the importance
of parameters, the resulting sensitivity indices should be handled with care. In some
cases, sensitivity indices such as the DMI (Borgonovo, 2007) underestimate the general
importance of a parameter, as they provide a mean parameter sensitivity that does
not necessarily reflect the abundance of strong local effects.

2.4.2 Toward flooding
The probability of flooding is not only related to the probability of dike instability,
but also to the water levels at the time of failure and the volume of the instability.
To analyze the occurrence of these properties, we select the set of model runs for
dikes with a 1:3 slope, a height of 6.5 m and a cover layer thickness of 1.5 m. Of the
625 selected scenarios that remain in the database with these parameters fixed, the
slip surface shape and phreatic water level are related to the upper substrate type
(Utyp) for outer slope stability (Figure 2.10). In this example set, the area of failure
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Figure 2.10 Probability of slip surface location and phreatic surface for different types of
upper layer (Utyp) material. Brighter colors indicate a larger probability of, respectively, the
slip surfaces or phreatic surfaces to occur at that location.

decreases from 59.2 to 26.4 m2, while the mean phreatic level in the upper subsurface
layer decreases from 2.36 to 1.93 m when the substrate material changes from clay
to sand. Accordingly, the average safety factor increases from 1.06 to 1.29. This
indicates not only that dike failure as a result of macro-instability is less likely due to
occur with a sand subsurface, but also that potential instabilities are less threatening
for a dike breach, as their volume is much smaller.

It should be noted that the groundwater model assumes a stationary response
to the flood wave at the dike crest, but a transient response on the drawdown of
this flood wave. From a hydrological perspective, the simulations thus start at a
situation of minimal internal strength and, hence, minimal dike stability. However,
as the high river water levels act as a stabilizing external force on the outer slope,
this aspect of failure generally occurs after river water level drawdown. The breaches
that subsequently occur create vulnerable dikes but, owing to the falling flood water
levels, this is unlikely to lead to major dike beaches and flooding. Obviously, if this
instability is followed by a second flood wave, the situation might become critical.
Thus, additional research is needed in the transient dike response under very common
multi-peak flood waves (Hegnauer et al., 2014).

2.4.3 Limitations regarding sampling, hydrology and subsurface uncertainty
First, this research used a uniform sampling strategy, not taking into account any pos-
sible correlations. We suggest, however, that by sampling each parameter uniformly
over a range of possible outcomes and not taking account of possible but unknown
correlations between parameters, we are likely to overestimate the possible range of
outcomes. This conservative estimate of possibilities is deemed a rational choice, if no
information is available about the a-priori joint probability distribution of parameters.
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Second, we used the most adverse hydrological conditions for dike slope stability
calculations, being steady-state conditions for inner slope stability. We acknowledge
that this might not be the case when considering flood duration and transient ground-
water conditions, as the infiltration curve might not reach the inner toe and the safety
factor becomes more favorable. A similar argument applies to basal sliding.

Third, this study used many possible scenarios of subsurface material and surface
geometry combinations. Still, the subsurface material in this study is assumed to be
homogeneous and deterministic in each of the layers, and likewise the layer thickness
and surface profile are constant per section. Due to the long history and continuous
improvement of many dikes, their interior is presumably very heterogeneous (Meehan
and Benjasupattananan, 2012; Polanco and Rice, 2014). In reality, the subsurface
properties, induced by previous river systems, are also known to have a large spatial
variability (Berendsen and Stouthamer, 2000; Bierkens, 1996). These heterogeneous
topographic and subsurface properties have a large influence on both hydrological
conditions (Wang et al., 2018) and stability (Hicks et al., 2014), while still ignoring
the 3D slope effects (Gong et al., 2019). In addition, animal burrows and human
measures inhibiting or enhancing groundwater flow may also affect the pore pressure
evolution.

2.4.4 Suggestions for further research
Nonetheless, the simulations show that for all the mechanisms, the dike type and
upper layer type have a large effect on the dike stability. Despite their importance
for dike stability and the valid assumption that they are heterogeneous, these two
subsurface parameters are often partly unknown. As such, extending this research
with variable material properties (Lanzafame et al., 2017) may provide an even more
extensive analysis of groundwater-related dike stability. In this way, the uncertainty
of the material properties can be assessed too, which is important in real-world cases.
In addition to assessing the uncertainty, decreasing it is of major importance when as-
sessing dike stability (Deltacommissie, 2008); this is achieved by having more detailed
subsurface data available. Thus, incorporating large scale subsurface heterogeneity
(in 3D) is an important step in actively incorporating groundwater calculations in
dike stability calculations, although we are confident that the large contrast in dike
and subsurface materials used in this study, to a great extent, covers the large vari-
ation across many dikes. Furthermore, additional research is needed in the transient
groundwater response given a certain flood wave instead of steady-state conditions.
Finally, the database constructed and explored in this paper could be used for map-
ping those regions where factors of safety might reach critical values.

2.4.5 Case study: application of the database for fast high-resolution dike
safety assessment

As a first attempt for identifying those regions, the created database was applied to
a real-world case. This case concerns the area near the village of Ameide in The
Netherlands (51.954594 N, 4.963298 E; Figure 2.11), for which an official preliminary
assessment of the dike stability was made (Consortium DOT, 2014). The failure
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Figure 2.11 Comparison between official preliminary dike safety assessment and safety fac-
tors derived from our database. The histograms (A) of the safety factors corresponding to
the sufficiently safe (green) or insufficiently safe (red) dike segments clearly show a clear dis-
tinction in our database between these segments. Spatially (B), both inner and outer slope
stability show a much larger variation in safety factors than the official dike assessment
suggests.

probability of the dike was calculated using Bishop’s modified method (Bishop, 1955),
and based on the characteristic values of material strength parameters. The phreatic
level was simplified in the schematization and was roughly a straight line between
the river water level and the ditch water level. In the assessment, larger segments
with reasonably similar characteristics were tested against a failure probability of
1/360 years and assigned the final judgement. In a later stage, the precision of these
judgements was drastically improved using local schematizations and locally derived
characteristics for the important parameters; hence, the current assessment was seen
as preliminary.

Case study methodology
The dike in this area was subdivided into segments with a length of 100 m, of which
several failed to meet the expected failure probability. Here, we compared the val-
ues of the factor of safety for comparable situations in terms of dike geometry and
composition from the Monte Carlo simulations with the assessment in order to test
whether unsafe conditions were revealed by our approach. We hypothesized that
using a pre-constructed database with factors of safety in combination with actual
dike characteristics could provide a quick a priori analysis of the dike stability. To
compare the official assessment with the database, those dike parameters should be
selected from a database that corresponds to the actual dike. The parameters con-
cerning geometry and composition of the dike and the subsurface were determined
at an interval of 10 m along the entire dike crest. The dike height, crest width and
slope were automatically derived from the high-resolution lidar-based AHN3 surface
elevation model. The properties of the subsurface, being layer thickness and lithology,
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were derived from the GeoTOP subsurface model (Stafleu and Dubelaar, 2016). An
approximation of the dike material was made from publicly available cone penetra-
tion tests (BRO) using a simple but effective method proposed by (Begemann, 1965).
When these parameters were assembled, the corresponding safety factor was selected
from the database.

Case study results
First, as the acquisition of surface geometry and subsurface composition can have a
high spatial resolution of 10 m, it provides more detailed information than the official
assessment, which is conducted on a 100-meter resolution. On visual inspection,
the calculated safety factors already clearly coincide with the official dike assessment
(Figure 2.11B), although the variation of the calculated values is much higher, as the
official safety assessments are carried out only per 100 m section, whereas the factor
of safety is calculated here every 10 m. There is also a clear difference visible between
the inner and outer slope stability. Those dike sections that are assessed as sufficiently
safe have an average safety factor of 1.53 ± 0.31 and 1.44 ± 0.13 for their inner and
outer slope stability, respectively. The insufficiently safe sections according to the
official assessment have a calculated average safety factor of 1.41 ± 0.38 and 1.34 ±
0.20, respectively. Thus, according to our method, most of the sections found to be
insufficiently safe have an F > 1 (Figure 2.11A). In the official assessment, 69.3% of
the dike was found insufficiently safe against 10.8% in our analysis. Of this 10.8%,
9.5% is found on the insufficiently safe sections and 1.3% is found on those sections
that were found to be safe enough.

Case study discussion and conclusions
These false positive assessments, all occurring on the inner dike slope, are most dan-
gerous. Their lower safety factors are caused by a combination of steeper dike slopes
and the presence of sandy dike material. Thus, in addition to showing high spa-
tial variability in the expected factor of safety, the analysis also clearly shows those
sections that, according to our calculations, are the most critical. These differences
seem to be largely related to variations in dike material but can also be related to
some of the parameters (drainage, dynamic river level) that are not included in our
analysis. Moreover, it is likely the cause of different definitions of failure and the use
of different stability calculation methods, such as drained or undrained loading (Soil
Science Division Staff, 2017). In conclusion, the high-resolution database comparison
could help to focus further research and data assembly, by indicating areas to improve
local schematizations and derive local characteristics for the important parameters in
a more detailed stage of dike reinforcement design.

2.5 Conclusions

In this study, an extensive global sensitivity analysis was carried out for dike stability
using calculated groundwater heads and resulting pore pressures that represent a
worst-case scenario. The following three sensitivity settings formed the basis of this
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analysis: parameter prioritization, trend identification and interaction qualification.
The results show that each of the three studied failure mechanisms, namely, basal
sliding, inner slope stability and outer slope stability, can possibly result in dike
failure, where failure on the inner slope of the dike is the most likely.

In the parameter prioritization settings, eight parameters were determined to be
influential for any of the failure mechanisms, being dike slope, dike height, dike mate-
rial type, upper layer material type, lower layer material type, upper layer thickness,
drainage spacing and foreland width. In contrast, the dike crest width, drainage depth
and aquifer thickness had a negligible effect on the stability. According to the Delta
Moment-Independent measure (Equation 2.4), the dike slope was found to have the
largest effect on dike stability, as it has both a direct effect on slope stability (Figure
2.5) and indirectly affects the slope stability by changing the pore pressure conditions
(Figure 2.7). We conclude that the delta sensitivity index provides a clear indication
of parameter importance. The Delta Moment-Independent measure does not provide
information on parameter interaction and the underlying mechanisms.

A regional sensitivity analysis by means of the probability of failure p(F ≤ 1)
was used to show local and process-dependent variability. This measure shows that
dike slope and dike material are most influential for resulting in unstable dikes. Fur-
thermore, it indicates local variability, such as that drainage spacing only affects the
inner slope stability if the drainage location is close to the dike. Combining the Delta
Moment-Independent measure indices and the p(F ≤ 1) showed that while basal slid-
ing is most sensitive to changes in most parameters, it is least likely to result in dike
failure.

In addition, we qualified the interaction between different material types, hydrol-
ogy and stability. Most strikingly, a combination of a relatively permeable dike and
impermeable subsurface inhibits the dissipation of pore pressures to the lower layers.
Therefore, pore pressures remain high and dike instabilities are more likely to occur.
This effect is more prominent for outer slope stability, as dissipating high pore pres-
sures is mostly important during river level drawdown. The area of failure is often also
larger in case of an impermeable subsurface, increasing the chance of severe flooding
after a slope instability.

Applying the database containing geometry parameters, subsurface properties and
safety factors to a real case resulted in high-resolution estimates of dike stability.
These estimates show that the unsafe segments derived from the database are mostly
on those segments also found to be unsafe by the official assessment, although there
are some false positives, e.g., segments that are estimated to be unsafe but classified
as safe in the assessment. Overall, the database estimates provide a more differen-
tiated picture and allow for more targeted analyses and measures. Although three-
dimensional subsurface buildup and variable flood waves can improve the simulation
results, the comparison gives confidence that our results provide useful insights in the
process of groundwater-related dike stability and that the underlying database can
be used to focus additional local research. The analysis of groundwater-related dike
failure with global sensitivity methods clearly shows the importance of high-resolution
groundwater modelling for estimating dike slope stability.
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Abstract
The time-dependent response of pore water pressures during floods largely determines the

safety against geotechnical failure of dikes, which is deemed to be highly dependent on the

uncertain shape (duration, maximum height, etc.) of the flood discharge wave. This paper

derives the uncertainty of flood wave shape from a database of precalculated hydrographs

(GRADE) and evaluates the effect of shape variability on probabilistic safety estimates of

slope stability, using a modeling chain consisting of a transient hydrological model (MOD-

FLOW) and a probabilistic dike slope safety assessment (FORM). Accounting for flood wave

uncertainty with transient groundwater flow generally leads to higher reliability estimates

for slope stability, compared to the steady-state groundwater condition and other conserva-

tive assumptions, but to lower reliability estimates compared to a single design flood wave.

Furthermore, the uncertainty of the flood wave shape can be as important as the uncertainty

in geotechnical properties. For the inner dike slope stability, the volume of the flood wave is

the most important factor, while the outer dike slope stability depends mainly on the total

water level drop after the peak. These two waveform characteristics are thus essential un-

certainties to consider in probabilistic assessments of dike safety with transient groundwater

conditions.
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3.1 Introduction

Dikes (i.e., earthen flood defenses) form an extensive network along many major rivers
around the world aimed at mitigating flood risk and preventing flooding. Climate
change may increase the risk of a society to flooding (Middelkoop et al., 2001), for
example through expedited snow melt or an increase in extreme precipitation events
in the upstream drainage area (IPCC, 2022). Under current and future climatic con-
ditions, slope instability during river floods is one of the major failure mechanisms of
river dikes. Slope instability of these river dikes is associated with large uncertainties,
mainly relating to soil properties (van der Krogt et al., 2019) and groundwater pore
pressures (van Woerkom et al., 2021). The pore water pressure (pressure heads) in
the dike and subsoil is also one of the main drivers leading to slope instability during
floods.

When river water levels increase, water seeps into the dike and the subsoil, in-
creasing the pressure heads and reducing the effective stress and strength of the soil.
Pressure heads during floods are often assumed as steady state seepage conditions
based on analytical solutions for typical conditions (TAW, 2004; U.S. Army Corps of
Engineers, 2003; Lendering et al., 2018), which may lead to conservative estimates
of dike safety. The development of pressure heads can be modeled more realistically
using a time-dependent seepage analysis. In such an analysis the effects of soil layer-
ing, variable permeability, and flood wave shape can be considered. The hydrological
forcing can be derived from a copula-based model considering variability of the peak
flow discharge and flow duration (Balistrocchi et al., 2019; Curran et al., 2020) or
from a single synthetic design flood wave (Butera and Tanda, 2006). However, they
do not account for the full variability of flood wave shapes from variable weather
conditions (Hegnauer et al., 2014). Thus, the impact of the flood wave shape un-
certainty on the pressure head evolution and the resulting slope stability is currently
unknown. The flood wave shape is strongly influenced by the river basin characteris-
tics, and especially capturing multi-peak floods in statistical properties is not feasible
(Yue et al., 2002). As such, we define flood wave shape uncertainty as a scenario
uncertainty (Baecher, 2016), in which multiple pre-calculated flood wave shapes are
assumed equally probable.

This paper thus explores the impact of the uncertainty of the flood wave shape
on the probabilistic safety assessment of slope stability with transient groundwater
conditions. A multiplicity of flood waves is obtained from a database of pre-calculated
hydrographs (Hegnauer et al., 2014). First, a method is proposed to incorporate the
variability of these flood wave shapes into the probabilistic reliability analysis for slope
stability for a case study in the Netherlands in Section 3.2. This method includes
the calculation of time-dependent pressure heads with the MODFLOW hydrological
model. The results of this method are compared with dike slope reliability analyses
based on pressure head assumptions used in standard engineering practice. Second,
we assess the dynamic slope stability response to variability in flood wave shape for
two simplified case studies in Section 3.3. The two cases are a permeable sand dike
and a less permeable clay dike on a shallow aquitard blanket layer. Hereafter further
findings of our research are discussed.
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3.2 Methods

To account for the scenario uncertainty of flood wave shapes from variable weather
conditions in dike slope stability calculations, multiple flood wave shapes should be
considered. Using a combination of rainfall-runoff modelling and hydrodynamic river
models, the flood wave shape at a given point on a river can be derived. Such
a derivation for river discharge on the Rhine river at Lobith, the Netherlands, is
available in the GRADE dataset (Hegnauer et al., 2014), which will be exemplarily
applied in this manuscript.

3.2.1 Flood wave selection
The GRADE dataset (Hegnauer et al., 2014) consists of a database of 50,000 cal-
culated flood wave shapes, each containing discharges at Lobith (the Netherlands)
for 15 days before and 15 days after the simulated annual maximum discharge. The
discharges are translated to water levels at the Lobith gauge station using a qf-rating
curve (Bom and van Leeuwen, 2019), which considers steady flow, unsteady effects
by water level hysteresis and the effect of weirs.

Given a particular flood wave, we define the maximum water level of that flood
wave as hmax. Often, the expected maximum water level at a given location or return
period is known (hmax), but the variation in flood wave shapes given that maximum
water level is not. To derive the variation in flood wave shapes given a selected
maximum (design) water level (hmax), first the 1000 flood waves with their maximum
water level nearest to the selected water level are sampled from the dataset. Second,
the sampled flood waves are scaled to the selected hmax resulting in a dataset of flood
waves with equal maximum water levels, but varying shapes. Ideally all 1000 selected
flood waves would be used, but to constrain calculation times the selected flood waves
are divided in 50 subsets based on five flood wave shape parameters: H0, Apeak, Atot,
∆Hds, Dsmax (Table 3.1, Figure 3.1A). The sub-setting is performed using k-means
clustering on these parameters, which aims at minimizing the combined within-cluster
variance. Finally, a random flood wave is drawn from each of the subsets and an
occurrence probability of that flood wave is calculated following the size (number of
waves) of the corresponding subset relative to the entire sample of 1000 selected flood
waves.

The 50 selected flood waves are assumed to represent all possible flood wave shapes
given the corresponding maximum water level. The flood waves that represent a larger
group of waves with similar characteristics have a larger occurrence probability (Figure
3.1B). The resulting sample set (Figure 3.1C) contains flood waves with multiple peaks
or various shapes of the rising and falling limb. The extreme flood wave shapes, for
example those with a very wide peak or very steep rising limb, generally have a
smaller occurrence probability than those central in the selection (Figure 3.1B). A
more extensive analysis of the water level uncertainty can be found in the GRADE
report (Hegnauer et al., 2014).
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Figure 3.1 Visualization of the flood wave shape parameters (A), selection of 50 represen-
tative flood waves with occurrence probabilities given their representativeness (B), and a
comparison of the 50 selected flood waves with several frequently used flood wave shapes for
groundwater pressure head estimation (C).
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Table 3.1 Selected flood wave shape parameters, which are visualized in Figure 3.1

Symbol Definition Unit

H0 Starting wave height m
Apeak Wave area before peak m
Atot Total wave area m

∆Hds
Difference between peak discharge and minimum water level after
the peak m

Dsmax Steepest gradient of decreasing water levels after peak m/day

3.2.2 Combined reliability for multiple flood waves
To calculate the reliability for slope stability accounting for the uncertainty in the
flood wave shape scenarios, we follow a three-step approach. First, for each of the 50
selected flood waves (denoted by wi), we calculate the probability for slope instability
for each time step t. Then we combine the failure probability of all time steps over
the entire flood wave, to obtain the probability of failure conditional to the flood
wave (shape): Pf |wi, shortened to Pf,i. Finally, we weigh these probabilities with the
likelihood of a flood wave shape P (wi). The probability of failure (Pf,i) for each time
step (tj) of each flood wave is calculated from the reliability index β (Hasofer, 1974)
as

Pf,i(tj) = Φ(−β(tj)) (3.1)

where Φ stands for the cumulative distribution function of the standard normal dis-
tribution, and β(tj) is the reliability index conditional to the groundwater state at
time tj . Note that the failure probabilities throughout this paper represent a unitless
conditional failure probability, for example given a certain groundwater condition or
set of flood waves.

For the combination over the time steps t0, . . . , tn, we assume that all time steps
within one flood wave are fully dependent. First, because we only combine different
time steps within one flood wave, and second because the geo-mechanical stochastic
variables are time-invariant (at least on the time scale of a flood event) and thus
highly correlated. Hence, the probability of failure (conditional to flood wave i), is
the maximum probability of all time steps.

Pf,i = max{Pf,i (t0) , Pf,i (t1) , ... Pf,i (tj) , ... Pf,i(tn)} (3.2)

with j the time step and n the number of time steps in the event. To combine the
failure probabilities conditional to a given flood wave into a marginal failure proba-
bility including wave uncertainty, we assume the flood waves are mutually exclusive:
if one wave shape happens, all other wave shapes cannot happen at the same time.
Following the law of total probability, the combination is the sum of the probability
conditional to the wave shape, weighted with the probability of each wave scenario to
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occur P (wi), see eq. 3.3 and Figure 3.2E.

Pf,combined =

m∑
i=1

P (F |wi)P (wi) (3.3)

Here m is the total number of flood waves analyzed (here 50) and P (wi) is the nor-
malized occurrence probability of that given flood wave, which is estimated as the
size (number of waves) of the corresponding subset relative to the entire sample of
1000 selected flood waves (see Section 3.2.1).

Thus, we perform the entire analysis above conditional to different values of the
maximum water level of a flood wave max {hi (tj)}, further denoted as hmax. Typ-
ically, existing methods (that neglect the variability in flood wave shapes) calculate
annual failure probabilities. The presented conditional failure probabilities for a given
event size hmax (eq. 3.3) can in theory be further converted to annual probabilities
using the probability weighted sum of this conditional probability of failure for a given
hmax and the probability density (pdf) of the annual maximum of that water level
(1/year) (Schweckendiek et al., 2017).

3.2.3 Methods to estimate groundwater pressure heads
The method proposed in the previous section provides, given a sample of individual
flood waves and their effect on groundwater pressure heads, a maximum failure proba-
bility conditional to a single flood wave (sample set) and a weighted failure probability
of these maxima (realistic). This method takes the full variation in flood wave shapes
from variable weather conditions (Hegnauer et al., 2014) into account. However, such
a large dataset of flood wave shapes is often not present, thus current solutions are
based on steady-state or analytical solutions for typical conditions (TAW, 2004; U.S.
Army Corps of Engineers, 2003) or a single synthetic design flood wave (Butera and
Tanda, 2006). We will compare the estimated failure probabilities of our analysis
(including uncertain hydrograph shapes) with several frequently used methods to ap-
proximate pressure heads (Figure 3.2F, Figure 3.1C). These methods are described
here, followed by the name they will be referred to, in italic. Each of the groundwater
pressure head estimates relates to the maximum flood water level (hmax). Thus, the
probabilistic dike reliability is calculated according to Section 3.2.5 and represents a
failure probability conditional to the given maximum flood water level (hmax) and
corresponding estimated pressure heads.

A steady-state method (steady-state) is based on a steady-state hydrological sim-
ulation, assuming an infinite duration of the maximum river water level. A second
method, as prescribed for the Dutch flood safety assessment (TAW, 2004), approx-
imates steady-state conditions. This method (analytical) provides an estimation of
pressure heads at two depths; at the base of the dike and in the sandy aquifer, from
which the other values within and underneath the dike are interpolated (TAW, 2004).

Synthetic design flood waves have an advantage over steady-state methods as they
incorporate the temporal component of groundwater pressure heads, calculated by
the method proposed in Section 3.2.5. Such a synthetic design flood wave has been
previously determined for any location along the Dutch river branches (Botterhuis
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Figure 3.2 Workflow of the modelling chain and the comparison of its results with other
methods.

et al., 2017) and has a default trapezoid wave shape (trapezoid) (Figure 3.1C). We
add a second synthetic flood wave by taking the average for each individual time step
of the initial selection of 1000 flood waves (average). As this choice is arbitrary, we
cannot prove the accuracy of this representation, thus we only use it as an example
of a synthetic flood wave.

3.2.4 Summary of the methodology: From flood wave shape to dike slope
failure probability

Figure 3.2 provides the summary of the method devised to include flood wave shape
variability and its transient groundwater response in probabilistic slope stability anal-
ysis, in four consecutive steps. First, a case location is selected, and a surface geometry
and subsurface schematization are created of both the dike and the natural subsur-
face (Figure 3.2A). Second, representative flood wave shapes for that location are
retrieved from a large selection of flood waves (Figure 3.2B). Third, time-dependent
groundwater flow is simulated with a hydrological model given the surface geometry
and subsurface schematization (Figure 3.2C). Fourth, coupling the hydrological out-
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Figure 3.3 Three selected subsurface cases: One real cross-section and two hypothetical
cross-sections that are typical for river dikes.

put with probabilistic slope stability analyses results in a dike slope failure probability
(slope reliability) per flood wave (Figure 3.2D). These are finally combined into a sin-
gle dike slope failure probability, which thus takes the variation in flood wave shapes
into account (Figure 3.2C). In the following section, the entire workflow is laid out in
more detail.

3.2.5 Modelling chain
The general approach as described in the previous sections, can in principle be applied
to any location, using any groundwater simulation model code and slope stability
algorithm. Here we describe the cases and modelling algorithms selected in more
detail.

Selected cases; surface geometry and subsurface schematizations
We selected three cases: a real case study of an existing Dutch river dike and two
simplified hypothetical cross-sections of typical dike archetypes (Figure 3.3).

The real case study (near Lent, the Netherlands (51.867 N, 5.884 E) has its flood-
plain elevation at approximately 10 m above mean sea level and the dike crest at
16.37 m above mean sea level. This case study consists of a loamy sand dike with
a clay loam cover layer (Figure 3.3A). In the floodplain a layer of loamy sand is lo-
cated on top of a clay loam aquitard with a thickness of 4 m. In the hinterland,
the schematized aquitard thickness is approximately 1.5 m. A large sandy aquifer is
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located below the aquitard, which is in contact with the river, located 300 m from
the dike under non-flooding conditions.

The two simplified hypothetical case studies are typical for the Netherlands and
consist of a standard dike and two idealized subsurface scenarios (Figure 3.3B-C).
The surface geometry includes a 6 m high dike with a 1:3 slope and a crest width of
5 m, on a flat floodplain with an elevation of 0 m above mean sea level. The dike is
located 100 m inland from the river channel. The two subsurface scenarios consist of
a (loamy) sand dike on a thinner cover layer (Figure 3.3B) and a clay dike on a thick
impermeable clay cover layer (Figure 3.3C). In both scenarios the dike has a clayey
cover layer at the surface; due to weathering and roots of vegetation this cover layer
is likely to be more permeable and less cohesive, hence it is schematized as clay loam.

Maximum flood wave water levels for selected cases
To quantify the influence of variable flood shapes on dike slope failure probability we
use the real cross-section (Figure 3.3A) and a hmax of 15.96 meters above mean sea
level, which is 0.41 m below the dike crest height, corresponding to its safety standard.
To further assess the influence of subsurface material and maximum river water level
on failure probability we use the hypothetical typical cross-sections (Figure 3.3B-C).
For these cross-sections, three hypothetical maximum water levels are selected: a
hmax of 2, 3.5 and 5 m above the floodplain, or respectively 4, 2.5 and 1 m below
the dike crest height. These hypothetical maximum water levels cannot directly be
related to a given safety standard but do provide an additional assessment of the
influence of variable flood wave shapes under characteristic conditions and for various
loads.

Hydrological model setup and parameters
The selected flood waves are used to simulate the pressure heads in the dike and sub-
surface (Figure 3.2C) using the groundwater model software MODFLOW 6 (Langevin
et al., 2019). Initial groundwater conditions are provided by a steady-state MOD-
FLOW simulation. These initial conditions are based on the average winter river
water level and average winter excess precipitation. The time-dependent groundwa-
ter response to changing river water levels, provided by the selected GRADE flood
waves, is simulated using a transient MODFLOW simulation. The model is run with
a 2-hour time step, which was found to not impact results compared to smaller time
steps. The hydrological model has a cell size of 0.5 m both horizontally and vertically.

On the river side, the MODFLOW river package enables river-groundwater inter-
action. On the landward side, the drain package (Hughes et al., 2017) enables outflow
only if pressure heads become higher than the surface elevation. This package is also
used to model a drainage ditch 20 meters behind the inner dike toe with a depth of
1 m. The average winter excess precipitation (2.25 mm day−1) is simulated by the
recharge package (Hughes et al., 2017). A saturated conductivity (Ksat) is assigned
to the subsurface material types based on typical values (Table 3.2, Table 3.3).
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Table 3.2 Geo-mechanical and hydrological model parameters for Lent real case study cross-
section: saturated unit weight (γsat) angle of internal friction (φ), cohesion (c), saturated
conductivity (Ksat), SHANSEP Undrained NC shear strength ratio (S) and SHANSEP shear
strength increase exponent (n). In case of a probabilistic parameter the distribution type
and standard deviation (SD) are also provided.

Material name Soil type Soil property Unit Distribution type Mean SD

Dike core
(γsat 18.54 kNm−3)

Loamy Sand
φ o Log-normal 34.8 1.4
c kPa Deterministic 0

Ksat md−1 Deterministic 2.85

Dike cover
(γsat 18.54 kNm−3)

Clay Loam
φ Deterministic 0
c Log-Normal 7.5 1.75

Ksat Deterministic 0.86

Blanket layer
(γsat 16.82 kNm−3)

Loam

φ */above phreatic Log-normal 35.7 2.0
c Deterministic 0

Ksat Deterministic 0.1
S */below phreatic Log-normal 0.31 0.04
m */below phreatic Log-normal 0.85 0.02

Aquifer
(γsat 20.00 kNm−3)

Sand
φ Log-normal 36.7 1.2
c Deterministic 0

Ksat Deterministic 10.4

Table 3.3 Geo-mechanical and hydrological model parameters for hypothetical cross-
sections: saturated unit weight (γsat) angle of internal friction (φ), cohesion (c), saturated
conductivity (Ksat). In case of a probabilistic parameter the distribution type and standard
deviation are also provided. The stochastic properties of the geomechanical parameters are
based on EC7 CEN (2004).

Material name Soil type Soil property Unit Distribution type Mean SD

Dike sand
(γsat 19.5 kNm−3)

Loamy Sand
φ o Log-normal 34.1 1.7
c kPa Deterministic 0.5

Ksat md−1 Deterministic 2.85

Dike clay
(γsat 17.0 kNm−3)

Clay
φ Log-Normal 21.0 2.1
c Log-Normal 7.5 1.5

Ksat Deterministic 0.05

Dike cover
(γsat 17.0 kNm−3)

Clay Loam
φ Log-Normal 21.0 2.1
c Log-Normal 7.5 1.5

Ksat Deterministic 0.86

Blanket layer
(γsat 17.0 kNm−3)

Clay
φ Log-Normal 21.0 2.1
c Log-Normal 7.5 1.5

Ksat Deterministic 0.05

Aquifer
(γsat 20.0 kNm−3)

Sand
φ Log-normal 35.4 1.8
c Deterministic 0

Ksat Deterministic 10.4
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Stability model setup and parameters
The hydraulic heads from the MODFLOW groundwater model are used as input for
a detailed schematization of the groundwater pressure heads in D-Stability (Figure
3.2D). D-Stability (Deltares, 2019) is used to calculate the failure probability using
the First Order Reliability Method (FORM, Hasofer and Lind (1974)) based on the
following limit state function:

Z (u) =
Fs (x (u))

γ
− 1 (3.4)

where Fs (x (u)) is the factor of safety, with x(u) a realization of the stochastic vari-
ables in the geo-mechanical parameter space as a function of the realization u in
standard normal space. FORM has been widely applied to structural reliability prob-
lems and involves a linearization of the limit state equation around a most probable
failure point (design point) instead of the mean value. It aims to find the design
point, and defines the reliability index (β, eq. 3.1) as the shortest distance between
the origin in standard normal space and the failure surface (Hasofer and Lind, 1974).

The geo-mechanical parameters are assumed subject to uncertainty and treated as
independent stochastic variables. The model uncertainty factor Yd is also a stochastic
variable (with a corresponding coordinate u), accounting for the inaccuracy of the
Limit Equilibrium Method. The stochastic properties of the geo-mechanical parame-
ters ϕ, c, S and m for the real cross-section (Table 3.2) are based on local data, i.e.
the results of a Direct Simple Shear (DSS) tests on either normally consolidated or
over-consolidated soils, provided by the governing organization. For the hypothetical
cross-sections the values are based on EC7 (CEN, 2004) and summarized in Table
3.2.

The reliability is calculated for a fixed slip plane, which is iteratively selected by
searching for the most critical slip plane in the probabilistic design point, see the
procedure described in Huber et al. (2017). The Uplift-Van model (Van, 2001) was
used for the slope stability calculation to account for long-shaped slip planes with
strength loss due to uplifting of relatively thin clay blanket layers (with a particle
swarm search algorithm to determine the most critical slip circle). The reliability is
calculated for the landward (inner) side of the dike (STBI) and the (outer) side of the
dike facing the river (STBU).

3.2.6 Estimating sensitivity of failure probability to waveform parameters
To evaluate to what degree the variability of flood wave shape contributes to the
failure probability, and which flood wave shape parameters are most important, we
use a first order variance-based sensitivity index (Si). Given a generic model

Y = f(X1, X2, . . . , Xk) (3.5)

this sensitivity index determines the statistical dependence of Y andXi by quantifying
how much the model uncertainty is reduced if the input parameter Xi is set to a
certain value (Ratto et al., 2007; Borgonovo et al., 2017). In our case, Y represents
the failure probability and Xi parameters that determine this probability (flood wave
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shape parameters and geo-mechanics parameters). If V (Y ) denotes the unconditional
(total) variance of Y , V (Y |Xi) denotes the variance of Y if Xi is set to a certain
value. The expected value of V (Y |Xi) over all possible values for Xi is Exi(V [Y |Xi]),
which is related to V (Y ) by

V (Y ) = Exi (V (Y |Xi)) + Vxi (E (Y |Xi)) (3.6)

where a large value of Vxi (E (Y |Xi)) indicates a large contribution of Xi to the
variability of Y and is called the first-order effect of Xi on Y (e.g. Saltelli et al.
(2008)). This conditional variance can be normalized by the total variance to result
in the first-order sensitivity index Si by

Si =
Vxi

(E (Y |Xi))

V (Y )
=

V (Y )− Exi
(V (Y |Xi))

V (Y )
(3.7)

where high values of Si signals Xi to be an important parameter (Saltelli et al., 2008).

3.3 Results and discussion

3.3.1 Failure probability of the case study Lent using variable flood waves
Uncertainty and time-effects of wave-dependent failure probabilities
We analyzed the failure probabilities of a sample set of 50 flood waves (Figure 3.1).
Each flood wave results in a different temporal development of failure probability;
thus 50 different flood wave shapes lead to highly variable outcomes for dike slope
reliability. The variability of the reliability is larger for inner slope stability (STBI)
than outer slope stability (STBU), see Figure 3.4.

Furthermore, the sample set β’s all have a similar development over time for STBI:
the reliability indices are usually lowest several days after the peak water level (t15).
STBU reliability reaches its maximum at or just before the peak water level but
has a highly variable development before and after this maximum, as a result of the
variability of the flood wave. The minimum β is usually reached after the peak water
level, although the reliability is hardly lower than before the peak.

The resulting realistic reliability, being the weighted average of the highest failure
probability of each sample set wave (section 3.2.2), is shifted towards the waves with
lower reliability indices (Figure 3.4). The realistic failure probability is thus domi-
nated by only a few adverse flood wave shapes. The realistic β is lower for STBU
than for STBI, which is mostly caused by the lower sloping berm on the inner side of
the dike.

Comparison with other methods of groundwater pressure head estimations
The general development of the reliability index over time for the dynamic meth-
ods based on a synthetic flood wave shape (average, trapezoid) is comparable to the
50 individual selected flood waves. As such, the highest failure probability (lowest
reliability index) of these dynamic estimation methods (Pf,i, Section 3.2.2) are also
similar (Figure 3.4, crosses). The non-dynamic methods for pressure head calculation
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Figure 3.4 Temporal evolution (lines) and minimum value (crosses) for reliability indices of
the real case over time for both inner side (STBI) and outer side (STBU) slope stability and
multiple methods for approximating groundwater conditions (Figure 3.1C). Note that the
realistic, analytical, and steady-state methods have no temporal component and are therefore
plotted on t15.

(analytical, steady-state) and the realistic method only have a single reliability index
and thus no temporal component.

The realistic method has a β of 5.94 and 3.46 for STBI and STBU, the average
method of 6.22 and 3.51 and the trapezoid method of 5.65 and -1.10 respectively. The
analytical β is -0.34 and 2.46 for STBI and STBU and the steady-state β is 4.63 and
-∞ respectively. Both steady-state and analytical result in higher failure probabilities
than the realistic method proposed in this paper, only the analytical method on STBU
provides a failure probability estimate that is close to that of the dynamic methods.

3.3.2 Comparison between methods of the effects of subsurface properties and
maximum river water level on failure probability

As the time step with the lowest reliability index β determines the failure probability
for one flood wave, we only present the Pf,i of the entire flood wave in the next
sections (determined by the lowest reliability over all time steps). We compared the
reliability for two cross-sections that are the same in terms of surface geometry but
differ in subsurface properties (see Figure 3.5). We compare the reliability results
for the various static and dynamic methods, and for flood waves with three different
maximum water levels (section 3.2.3, 3.2.5).
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Figure 3.5 Reliability index (β) of the clay and sand dike cases conditional to various
maximum river water levels (hmax) and according to multiple methods for groundwater
pressure head approximation. The box-whisker plots indicate the variation of the 50 sample
set flood wave shapes.

The reliability indices of the 50 flood wave shapes (sample set) generally decrease
with a higher maximum water level. However, higher water levels also lead to a
larger uncertainty of the dike slope reliability. For STBU with hmax = 5 the resulting
realistic (weighted mean of the selected waves) reliability hardly decreases with respect
to lower water levels. Sand dike inner slope stability (STBI) is most dependent on the
maximum water level. Furthermore, in these two typical dike cases (Figure 3.3B-C)
with the same inner and outer slope steepness, STBU has a lower reliability index in
most cases.

As noted in the previous section, the combined reliability index from the 50 se-
lected flood waves (realistic, Section 3.2.3) is again shifted towards the sample set
waves resulting in lower reliability indices. The realistic reliability is again more simi-
lar to the dynamic methods than to the static approximations. For STBI, dike safety
is overestimated by the average and trapezoid methods with respect to the realis-
tic reliability. On the other hand, dike safety is underestimated by the analytical
and steady-state methods, independent of the maximum water level. As the analyt-
ical method is based on steady-state conditions, we would expect it to be closer to
the steady-state method. However, both phreatic levels as aquifer pressure heads are
higher for steady-state than for analytical, thus leading to lower reliability indices. For
STBU the average, trapezoid, and analytical methods all provide reasonable estimates
of dike safety. On the other hand, a large underestimation of dike slope reliability

58 Effects of Flood Wave Shape



3

is made using the steady-state method. The reliability is thus often consistently ei-
ther overestimated or underestimated using the selected methods, which illustrates
the necessity of considering the uncertainty of the flood wave shape in dike safety
calculations.

3.3.3 Further exploration of the dynamic slope stability response to flood wave
shape

To further explore the influence of variable flood wave shapes on dike stability, we
provide an analysis of:

• The variation in the selected flood waves and the influence of flood wave shape
on groundwater pressure heads.

• The timing of lowest failure probability.

• The fraction of the failure probability uncertainty explained by the flood wave
shape.

• The most critical flood waves and the most important flood wave shape param-
eters.

All these analyses are done separately for STBI and STBU and for the typical
clay and sand dike cross-sections (Figure 3.3B-C).

Variability of the flood waves and the impact on groundwater conditions
The selected flood waves are normalized to have the same maximum water level after
15 days (t15) (Figure 3.6, top row), but have different water levels before and after
the peak. With hmax = 5, the mean and standard deviation of the river water levels
at the start of the simulation (t0) are -2.88 ± 1.44 m, -2.24 ± 1.74 m, and 1.24 ±
0.97 m, given a maximum water level at t15 of at 2, 3.5 and 5 m. 15 days after the
maximum water level (t30), the mean and standard deviation equal -2.29 ± 1.23 m,
-1.53 ± 1.42 m, and 1.71 ± 0.84 m respectively. Thus, 15 days after the peak the
water levels are generally higher than 15 days before the peak, but the variation is
smaller.

The two flood waves with either the largest (high wave) or smallest area (low
wave) under the curve are selected to analyze their effect on groundwater pressure
heads. At the inner toe of the dike the resulting pressure heads of the high wave are
much higher than those of the low wave, while at the outer toe this difference is much
smaller. For both the high wave and low wave, pressure heads at the inner toe are on
average highest at t30, while at the outer toe pressure heads are highest during peak
river water levels (t15). This delay of pressure head response is more prominent in
the clay dike case.

Furthermore, the pressure heads in the aquifer underneath the dike do not reach
the same height as the river water level, but gradually increase towards t15. The
increase of pressure heads in the aquifer continues towards t30 for the clay dike case,
even for the low wave in which river water levels decreased again substantially. For
the maximum water levels of 2 and 3.5 m the observed pattern is similar, although
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Figure 3.6 Various flood wave shapes and the response of the groundwater pressure heads
in the sand dike case and clay dike case on two extreme shaped flood waves with a hmax of
5 m.

the response is smaller. For the real dike case (not shown), the groundwater response
is closest to the hypothetical sand dike case.

Timing of lowest stability
The timing of the lowest dike stability is an important step to gain better insight into
the stability response to flood waves. The timing of the lowest β (Tβmin

) is >2.5 days
after the occurrence of the peak water level for all cases. For STBI the median Tβmin

is
15 and 5 days after the peak water level for the clay and sand dikes cases respectively
for the most extreme water levels (Figure 3.7). For STBU the median Tβmin is 15
and 12.5 days after the peak water level for the clay and sand dikes cases respectively.
The real delay of Tβmin

can be even larger as many selected flood waves reach the
lowest stability on the last time step in the simulation. With lower maximum water
levels, Tβmin

is usually closer to the timing of the peak water level. For STBI on the
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Figure 3.7 Timing of lowest reliability index for the most extreme simulated water levels
(hmax = 5). For both STBI and STBU, and for both the clay dike and sand dike cases, the
lowest reliability index occurs several days after the maximum river water level.

sand dike this is not the case, as the pressure heads decrease faster with decreasing
river water levels, thereby also decreasing dike slope failure probability.

The delay of the lowest reliability index with respect to the peak river water for
STBU has been widely acknowledged (van der Meer, 2020). On the other hand STBI
is often assumed to be an instantaneous process, although a delay of several days
has already been reported (Moellmann et al., 2011; van Leeuwen, 2019). Due to the
delayed STBI failure, as water levels may have also dropped substantially by that
time (van der Meer, 2020) extensive flooding after failure is less probable. This would
reduce the economic damage and number of casualties after a slope instability and
could lead to a reconsideration of dike safety in the flood risk framework, for example
if it is combined with emergency repair to pose the risk of flooding by a quickly re-
occurring high water level. As such, we recommend analyzing return times of high
river water levels shortly after a possible dike failure (van der Meer et al., 2021).

Fraction of uncertainty in dike slope reliability explained by flood wave shape
To quantify the importance of flood wave shape and associated groundwater levels, we
compare the uncertainty in dike slope reliability arising from flood wave shape with
the uncertainty arising from geo-mechanical parameters (section 3.2.5) by means of
the first-order sensitivity index (Si). The analysis is carried out on the hypothetical
cross-sections.

The influence of the flood wave shape increases with increasing maximum water
levels (hmax) (Figure 3.8). The Si of flood wave shape for the sand dike case increases
from 0.15 and 0.18 to 0.56 and 0.52 for STBI and STBU respectively. The influence
of variable flood wave shape increases fast towards hmax = 5 for or clay dike STBU,
with a Si of 0.55. For clay dike STBI on the other hand, the influence of variable
flood wave shape hardly increases with increasing hmax. For both STBI and STBU,
the remaining uncertainty resulting from the geo-mechanical uncertainty in the slope
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Figure 3.8 First order sensitivity indices (Si) of flood wave shape for various maximum
water levels. The values also represent the relative fractional influence of flood wave shape
versus the influence of geo-mechanical material properties.

stability analysis is mostly caused by the friction angle of the cover layer (roughly
50%), with cohesion of the cover layer (roughly 25%) and model uncertainty (roughly
20%) being the other main drivers (Table 3.3).

The influence of flood wave shape variability on dike slope reliability is strongly
correlated with the variability in pressure heads. For example, high pressure heads
hardly develop on the inner slope of a clay dike (Figure 3.6), leading to a low Si of flood
wave shape for STBI. Contrary, the Si for sand dikes is larger, probably because large
pressure head differences are present between waves (Figure 3.6). The stabilizing
effect of high river water levels is an additional explanation for the large influence
of flood wave shape on STBU. To conclude, flood wave shape can contribute more
than 50% to the uncertainty in a dike slope stability assessment with time-dependent
groundwater analysis, pointing out the relevance of the entire flood wave shape, rather
than only the maximum water level.
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Critical flood waves and important flood wave shape parameters
Lastly, we focus on the most critical flood waves and determine to which flood wave
shape parameter the reliability index is most sensitive. The first order sensitivity
index (Si) is used, focusing on flood waves with a maximum water level of 5 m. We
selected the five flood waves that resulted in the highest dike failure probability.

The five most critical flood waves are almost the same for clay and sand dikes
(Figure 3.9). The most critical waves for STBU differ before the peak water level,
but all show a steep decline in river water levels after the peak. The most critical
waves for STBI have relatively high water levels over the entire duration, but especially
before the peak at t15.

In line with this visual inspection, the maximum river water level difference in the
declining limb (∆Hds) is most influential for STBU. Remarkably, it has over twice the
influence of the maximum gradient of this decline (Dsmax), which is often assumed
as more important (Gao et al., 2019). As expected (van der Meer, 2020), outer slope
failure is less sensitive to the flood wave shape before the water level peak. The total
wave area (Atot) and flood wave area before the peak (Apeak) are the most important
parameters for STBI. Contrary to STBU, all flood wave shape parameters have some
influence on the STBI, but they mostly contribute to the total wave area (Atot) and
have an effect on the reliability as such (van Leeuwen, 2019).

3.4 Conclusions

In this work, a combined transient analysis of flood wave shapes, groundwater pressure
heads, and dike stability, indicates that dike stability is not only influenced by the
maximum water level, but by the flood wave shape as well.

• Combining multiple flood wave shapes into a single-event failure probability
results in a failure probability that is more realistic than failure probabilities
from a single design flood wave or a steady-state approximation.

• Considering only the average flood hydrograph in transient seepage analyses
leads to overestimated reliability, urging to consider the variability in flood
wave shapes.

• Steady-state and analytical approximations of groundwater pressure heads fail-
ure probability generally overestimate the failure probability for slope stability
up to several orders of magnitude compared to estimates with transient seepage
analyses.

• Higher maximum water levels result in higher failure probabilities due to higher
groundwater pressure heads, but this relation is less strong for outer slope sta-
bility, which is more dependent on the difference between peak water level and
minimum water level after the peak.

• In the considered case studies, the lowest stability always occurs > 2.5 days
after the maximum water level. For inner slope stability and the sand dike case,
the mode is 5 days after the maximum water level. Though this implies that
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water levels will be lower at the time slope instability occurs, there is still a high
risk of extensive flooding for example due to erosion. We recommend to further
analyse when the delay is such that the risk of flooding can be lower, and how
to incorporate it into safety assessments.
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4 Assessing Lithological Uncertainty
in Dikes: Simulating Construction
History and its Implications for
Flood Safety Assessment

Based on: Teun van Woerkom, Rens van Beek, Hans Middelkoop & Marc
F. P. Bierkens (2022). Assessing Lithological Uncertainty in Dikes: Sim-
ulating Construction History and its Implications for Flood Safety
Assessment. Journal of Flood Risk Management, e12848.

Abstract
Dikes often have a long history of reinforcement, with each reinforcement adding new mate-

rial resulting in a heterogeneous dike. As data on the dike internal heterogeneity is sparse,

it is generally overlooked in the stability assessment of dikes. We present an object-based

and process-based model simulating dike construction history on archaeological dike cross-

sections, yielding similar patterns of heterogeneity as observed in real dikes, and apply it in a

dike safety assessment. Model predictions improve when being based on more accurate statis-

tics of dike buildup, or when being conditioned to ground truth data. When incorporated in

a dike stability assessment, multiple model runs can be coupled to hydrological simulations

and dike slope stability calculations, resulting in a probabilistic stability assessment consid-

ering internal dike heterogeneity. While high-resolution observations are still sparse, good

model accuracies can be reached by combining regional information on dike buildup with

local point observations and this model provides a parsimonious basis to include information

on internal dike heterogeneity in safety assessments.
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4.1 Introduction

Current and future changes in climate likely lead to more extreme precipitation
events and high-water levels, which demand major investments in dike reinforcement
projects. To efficiently guide these expenditures, extensive research is carried out
to determine the material properties of dikes (De Waal, 2016). This information is
of great importance for dike stability, as the material type directly influences dike
stability by the stability parameters (Cao et al., 2016), but also indirectly influences
groundwater pressures and flow within the dike (Kuriqi et al., 2016; Butera et al.,
2020; van Woerkom et al., 2021).

The material from which dikes are constructed is often very heterogeneous, as
during their existence dikes were heightened and widened. To support this, a short
overview of the river dike history of the Netherlands is presented, but a similar history
can be expected elsewhere. The earliest dikes in the Netherlands were constructed
in the early Middle Ages, and at the start of the 16th century all rivers were bor-
dered by dikes. These dikes were owned by locals who could use the dike but were
also responsible for its maintenance. A water board coordinated and inspected the
maintenance works done by the local land owners (TeBrake, 2002). Large scale dike
reinforcements only started in the 19th century with the mechanization of transport
and construction and the establishment of a national institution for water safety (in
Dutch: Bureau van de Waterstaat). In more recent times (following the 1953 storm
surge) the Delta Law of 1958 led to an extensive round of dike reinforcement (Plei-
jster et al., 2014). Currently, new risk-based safety standards based on acceptable
probabilities of flooding for various dike failure mechanisms are defined, again leading
to a series of reinforcement projects. Differences in reinforcement methods, and the
prolonged lack of institutionalized control, have resulted in very heterogeneous dikes
(Figure 4.1), and locally the original lithological sequence in river dikes can be very
discontinuous as a result of dike breaches.

It can be inferred from the sparse excavations of dikes (Figure 4.1) and from the
more numerous cores and CPTs, that many dikes have been constructed during sev-
eral phases of reinforcement and that often soil material was used that was chosen on
the basis of availability rather than its engineering properties. However, their history
is often undocumented and observations on dike composition are insufficient to recon-
struct a single dike transect, let alone a spatial continuous mapping. Consequently,
the stability of the river dike slopes is often very uncertain due to poor estimations
of soil properties and groundwater pore pressures. Currently, only average properties
of dike material are often derived, or a global statistical uncertainty is applied in a
probabilistic analysis (Gui et al., 2000; Cao et al., 2016) to assess its probable re-
sponse on dike hydrology and stability. Although this approach might be applicable
for slope stability problems (van der Krogt, 2022), it ignores the internal structure
and heterogeneity of the dike, in which a weak zone can significantly decrease dike
macro-stability (Tabarroki et al., 2021). In addition, a wedge of sandy material can
increase seepage and pore pressure heads, decreasing the shear strength of the mate-
rial. Thus, to improve both pore pressure estimations and slope stability calculations
internal heterogeneity needs to be included in dike buildup reconstructions.
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Figure 4.1 Example of historical dike buildup as seen in the archaeological excavation in
Vlaardingen (schematized in Figure 4.5, see Appendix A.1 for source). The variation in
color is a first indication of variable material textures, which are mostly variations of clay-
silt mixtures in this dike, with sandy to gravel deposits on the top, which form the road
foundation.

Two complementary strategies can be deployed to increase information density
and improve dike buildup reconstructions. The first strategy is to gather more field-
based research, using e.g., geological cores and cone penetration tests (CPTs), but
the resulting detailed point observations on layer depths and material properties are
insufficient for a full reconstruction and in many cases, no local ground truth data of
the dike is available at all. The second strategy focuses on point-data interpolation to
simulate lithological sequences. Most common are the pixel or voxel-based techniques,
for example kriging (Isaaks and Srivastava, 1989), Markov Chain (Li et al., 2004;
Elfeki and Dekking, 2005) and multiple-point geostatistics (Feyen and Caers, 2006).
Other techniques are object-based methods, which place preconstructed units with
certain characteristics in the model domain consecutively (Deutsch and Wang, 1996)
or process-based techniques, which simulate the construction or sedimentation process
that formed the geological sequence (Pyrcz et al., 2009). However, most of the pixel
or voxel-based techniques are less suitable for river dikes simulation given their very
diverse and distinct, man-made lithological sequences. Moreover, some techniques
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depend on abundant training data and local point data for simulation conditioning
(Tahmasebi, 2018), which is virtually absent for dikes.

Thus, any proposed method for simulating dike heterogeneity should be capable
of simulating the internal structure and composition of dikes and overcoming the lack
of ground truth data by using general knowledge of dike buildup. In addition, the
method should be able to incorporate ground truth data into the simulation, if any is
present. These prerequisites require a combination of object-based and process-based
techniques, as the process of iterative dike reinforcements can be understood from the
general history of river dikes and object-based methods can most easily incorporate
information on structural geometry.

In this work, we present a model to simulate multiple, equally probable versions
of a dike’s internal stratigraphy. The model uses general information to simulate
layer geometry and lithology and can be conditioned on ground truth data where
available. The goal of this study is to analyze the performance of this novel method for
simulating non-natural discrete lithological sequences in dikes, which would improve
pore pressure estimations and dike stability calculations when compared to methods
using average properties with statistical uncertainties. We also apply the method
to existing dikes to evaluate the effect of dike interior heterogeneity on groundwater
flow under elevated river levels, as a key condition for dike failure. This application
highlights the added value of a probabilistic representation of dike buildup in the
current practice of dike safety assessments.

4.2 Methods

4.2.1 General methods
We developed DETRIS (Dike Erection Tessellation using Regionally Inherited Statis-
tics) to simulate dike buildup, which uses general information on layer geometry and
lithology from archaeological excavations of dike cross-sections (Figure 4.2). The per-
formance of DETRIS is analyzed by its ability to simulate realistic dike buildups in
terms of layer geometry and lithology types. The applicability of DETRIS for dike
safety assessment is analyzed by coupling the algorithm to a groundwater flow model
and dike safety and comparing these results to an expert assessment of dike slope
stability.

4.2.2 Dike construction using DETRIS
Process-based dike construction based on historical assumption
Methods of dike construction in the Netherlands differed substantially throughout
history, leading to different heterogeneity patterns of dike buildup. In addition, the
inner (landward) and outer (riverward) sides of the dike are known to be constructed
of different material: the outside needs to be resistant to wave erosion and therefore
often mostly consist of clayey material, whereas the inner side is often a low sloping
berm of more sandy material.

For this study, we distinguish four time periods with distinct construction methods
(see Introduction) and sufficient sample points to derive meaningful characteristics.
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Figure 4.2 Location and level of detail of archaeological sources of dikes in the Netherlands.
Those with sufficient quality are listed in Appendix A.1
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A first period until the closure of the river dike network (1500 CE), a second period
until the emergence of large-scale dike reinforcements (1800 CE), a third period covers
further institutionalizations and the start large scale reinforcement projects and a
fourth and final phase comprises modern reinforcement techniques starting from 1950.
This last phase is often not present in the sampled dikes as it was of smaller interest
from an archaeological point of view. We distinguish three geometrical zones along
the dike: its outer (river-facing) side, its crest, and the inner side. The dike crest
encompasses the top of the dike at those sample points where slopes are below 1:6
(vertical over horizontal distance). Sample locations with an absolute slope value ¿
1:6 belong either to the outer or inner side. Creating geometrical zones based solely
on slope is found sufficient, although some errors arose in the automatic classification.
However, it has the advantage of rapid pre-processing of new data in case additional
cross-sections become available. By intersecting the temporal and geometrical zones,
a total of nine (3 periods x 3 dike zones) combinations is created (Figure 4.3C), each
with distinct characteristics.

Deriving general information of dike characteristics
General statistics of dike buildup characteristics are derived from historical cross-
sections of dikes, which are digitized from multiple archaeological reports (Appendix
A.1, Figure 4.2). These cross-sections contain both high resolution layer geometry,
detailed material description and dated ages of some layers. At a 10-cm spacing, sam-
ple points are created, at which the intersecting layer is selected (Figure 4.3). First,
the layer material type at that location is determined. Second, the layer thickness
(H) is sampled by calculating the length of the shortest line through the sample point
connecting both sides of the layer. Third, the layer slope (α) is calculated as the per-
pendicular angle of that line with the horizontal. All sampled points are grouped in
the corresponding combination of period and geometry (Figure 4.3C). For each com-
bination, the statistics of layer material type are summarized into histograms and the
statistics of layer thickness and layer slope are re-sampled to a continuous probability
density functions using a kernel density estimate (Scott, 2015).

The statistics of layer material type, layer thickness and layer slope are derived
per cross-section, and thus provide local information on dike buildup. Furthermore,
regional statistics are derived by aggregating the statistics of all separate dikes. These
regional statistics can be used to inform the model even at locations without local
statistics on dike buildup.

DETRIS algorithm
We incorporated the general statistics of dike buildup characteristics per dike con-
struction phase in DETRIS to hierarchically reconstruct the buildup of dikes in an
object-based fashion. DETRIS starts with selecting either all local or regional statis-
tics for slope, thickness, and material type. The local statistics are selected if they are
available for that dike or a dike in the direct vicinity. Then, a simulation space is cre-
ated (Figure 4.4) from the oldest known construction time period. If no information
on construction periods is present, the current dike surface is used. Subsequently, the
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statistics corresponding to that time period are selected. An initial dike is created
and placed centered at the bottom of the simulation space.

DETRIS iteratively adds a new reinforcement layer on top of the already present
dike until the simulation space is entirely filled. In this iteration, first the next re-
inforcement location (crest, inner, or outer) is selected on the principle of spatial
accommodation, i.e., the larger the available space between the pre-simulated dike
and the final known dike surface, the larger the chance that the next reinforcement
stage will be on that location. Then, a new layer is created by sampling a thickness,
slope, and material type from the statistics for the reinforcement location and added,
until the outline of a dike construction phase is reached. If this is an intermediate
phase, the statistics for slope, height and material type are updated to meet those
of the next construction phase. If the final outline of the dike is completely filled,
the process is completed. In this way, DETRIS simulates one possible realization of
dike buildup. By creating multiple samples from the same probability density func-
tions, DETRIS can generate many realizations of dike buildup, which are all equally
probable.

Conditioning to ground truth data
If local point observations (e.g., cores, interpreted cone penetration tests) of the dike
are available, each newly added layer that intersects with this ground truth data is
assigned the observed thickness and material type (Figure 4.4). In case the thickness
of the simulated layer is smaller than that of the ground truth data layer, the original
thickness is kept, otherwise the thickness is reduced to that of the lowest intersecting
ground truth data layer. If a simulated layer intersects with multiple ground truth
data points, it must comply with all.

CA

H

α

A

C

Sand
Loam
Clay

Historical dike 
surface

Material types

1500 CE
1800 CE
1950 CE

Sample points 
belonging to

Dike crest
Inner slope
Outer slope

B

Figure 4.3 Derivation of dike statistics from archaeological dike cross-sections. First, a grid
of sample points is created (A) at which the layer material type, layer thickness (H) and
layer slope (α) are selected (B). These statistics are grouped given their age and location
in the dike. For example, one group consists of points that were constructed as dike crest
(upward triangle) between 1500-1800 CE (blue), as denoted by the combined symbol (blue
upward triangle) in C. Here, the outer slope refers to the side of the dike next to the river,
the inner slope is that on the side of the protected area (polder).
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Figure 4.4 Workflow of DETRIS model, including the creation of a simulation space, pa-
rameter sampling and ground truth data conditioning.
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A: Vlaardingen

B: Lent

Figure 4.5 Overview of locations and cross-sections of the two known historical dikes used
to measure the performance of the DETRIS algorithm. The age lines correspond to the
location of the dike surface at that time (years CE). The presented heights are relative to
the Dutch ordnance datum. Material types according to USDA classification system (Soil
Science Division Staff, 2017).

4.2.3 Cross-section descriptions
Two cases are selected to analyze the performance of the DETRIS algorithm, and one
case is selected to explore the added value in dike slope stability assessments.

Cross-sections for analysis of DETRIS performance
To analyze the material and shape heterogeneity and uncertainty related to DETRIS,
two known cross-sections from the database (Appendix A.1) are selected: Vlaardingen
(Maassluissedijk) and Lent (Bemmelsedijk). These are amongst the most complete
historical cross-sections available and are located respectively in the more distal and
proximal parts of the Rhine delta (Figure 4.5). The Vlaardingen dike is therefore
mostly constructed of clay material, while the Lent dike has a strong variation of
clays, sands, and silts. Furthermore, the Lent dike was almost entirely constructed
before 1500 CE, while the Vlaardingen dike was raised and widened considerably after
that time.

Cross-section for DETRIS application
The application of DETRIS in relation to the assessment of groundwater condi-
tions and dike slope stability is shown for the northern Lek dike east of the village
Nieuwegein (Figure 4.6A-B). A survey resulted in a complete lithological characteri-
zation of the natural subsurface (Figure 4.6C) and some point observations (ground
truth data) on the dike interior from a cone penetration test (CPT, Figure 4.6D).
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Figure 4.6 Overview of case study location and cross-section. The maps on the top row
show the case location within the Netherlands (A) and a more detailed overview of the cross-
section (B). The bottom row (C) shows the cross-section at that location, given the surface
elevation and subsurface properties (Table 4.1). A zoom of the dike (D) is presented that
focuses on the outline of the dike and the classified cone penetration test (CPT), which is
used as ground truth data by the DETRIS algorithm. The presented heights are relative to
the Dutch ordnance datum.

4.2.4 Performance of DETRIS
The performance of DETRIS is analyzed for the Vlaardingen and Lent dikes (Figure
4.5). The performance is assessed in terms of the ability of DETRIS to create similar
patterns of heterogeneity as found in historical dikes, and the ability of DETRIS to
simulate the correct material texture given variable quantities of available ground
truth data.

In the assessments, local statistics of slope, layer thickness and material types, i.e.,
from the corresponding cross-section, and regional statistics, i.e., the aggregated over
all cross-sections in the database, were evaluated. For each dike and selected set of
statistics DETRIS created 100 hypothetical dike realizations using the dated outlines
of the cross-sections for the construction phases.

Heterogeneity measures
The performance of DETRIS related to material and layer shape heterogeneity is ana-
lyzed on four simple quantitative heterogeneity metrics: fractal dimension D (O’Neill
et al., 1988), relative contagion RC (Li and Reynolds, 1993), relative evenness RE
and relative patchiness RP (Romme, 1982). They are frequently used in landscape
characterization (Li and Reynolds, 1993) and represent different components of spatial
heterogeneity. Fractal dimension (D) measures shape irregularity and is calculated
using

Ak = P
2
D

k (4.1)
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where Ak and Pk are the area and perimeter of layer k. D is derived from a linear
regression between the natural logarithms of Ak and Pk over all patches. Higher
values indicate an increase in patch shape irregularity. The relative contagion (RC)
measures patch continuity and spatial arrangement and is expressed as

RC = 1 +
1

2ln(n)

n∑
i=1

n∑
j=1

Pij ∗ ln(Pji) (4.2)

where n is the number of different lithologies present and Pij is the probability that
two adjacent pixels consist of lithology i and j. Higher values indicate a larger cluster-
ing of same-type patches or a larger patch size. The relative evenness (RE) specifies
the proportions of each lithology type and is expressed as

RE = − 1

ln(n)
ln(

n∑
i=1

P 2
i ) (4.3)

where Pi is the probability of a random pixel being of type i. Higher values indicate
a more uniform patch type distribution. The relative patchiness (RP ) is a measure
of the difference between adjacent layers and is expressed as

RP =

n∑
i=1

n∑
i=1

Eij
| Ti − Tj |

N
(4.4)

where Eij is the number of transitions from type i to type j, T is a unit chosen
to indicate the dissimilarity for patch types i and j and N is the total number of
transitions. The dissimilarity value T equals log10(Ksat) corresponding to the mate-
rial lithology (Table 4.1), as it is assumed representative of material type differences.
Higher values indicate more and larger transitions between patches. These four met-
rics are compared between the simulated and observed cross-sections, and a combined
performance is measured by the normalized root mean squared error (NRMSE) by

NRMSE =
1

N

N∑
n=1

RMSEn

ȳn
(4.5)

with N as the number of heterogeneity measures (four, as described above), ȳn the
average simulated value of a specific heterogeneity measure and RMSEn is the root
mean squared error of that heterogeneity measure, calculated as

RMSEn =

√√√√ 1

T

T∑
t=1

(ŷn − yt,n)
2

(4.6)

with T the total number of model runs, ŷn the observed value for the heterogeneity
measure and yt,n the simulated value for the heterogeneity measure.
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Uncertainty quantification
The balanced accuracy (BA) is used to quantify the uncertainty of the DETRIS
model. It can be used to address spatial differences (i.e., within the simulated dike) in
accuracy, but also to address differences between multiple runs with different forcing.
If each class is equally well predicted, or if there only is a single true value, this term is
equal to normal accuracy. Otherwise, the value decreases as each sample is weighted
according to its inverse prevalence. It is written as

BA =
1

2
(

TP

TP + FN
+

TN

TN + FP
) (4.7)

in which TP equals the count of true positives, FN equals the count of false negatives,
etc.

4.2.5 Application of DETRIS for dike stability assessment
The application of DETRIS is evaluated on a cross-section for which a dike slope
stability assessment is performed, including estimates of groundwater conditions. As
described in Section 2.3.2, this case study is located at Nieuwegein (Figure 4.6) and
contains ground truth data (a CPT) to which DETRIS will be conditioned.

CPT classification
The CPT is classified into five lithological classes based on (Been and Jefferies, 1993):
Sands, Sand mixtures, Silt mixtures, Clays and Organic soils (Table 4.1). These
material types are used to simulate the dike buildup using DETRIS, and the originally
used material type histogram (Figure 4.8) is reclassified to these units.

Basis of expert scenarios of groundwater conditions and dike slope stability
The available expert dike slope stability assessment is performed with the Dutch
guidelines (Rijkswaterstaat, 2021) for dike slope stability assessment. These guidelines
of this standard (TAW, 2004) specify two scenarios for the phreatic groundwater table
in the dike and one for the pressure head in the underlying sandy aquifer.

The expert groundwater scenarios are imported in slope stability software D-
Stability (Deltares, 2019). The Uplift-Van limit equilibrium method is used for slope
stability calculations, which assumes a dual circular slip plane. The slip plane consists
of an active circle, a passive circle and a compression bar in between (Van, 2001)).
The slip plane has to start in the crest or the upper half of the landside slope. A
C-Phi model for calculating shear stresses is used, and each layer in the DETRIS sim-
ulations is assigned a characteristic value of cohesion (c′), friction angle (ϕ), material
weight (γ) and saturated material weight (γsat) given its simulated material type.
The expert scenario dike is assumed homogeneous and is assigned a single value for
each of the parameters (Table 4.1).

Calculating groundwater conditions and dike slope stability from DETRIS
The selected Nieuwegein cross-section (Figure 4.6) has no archaeological observations
in its vicinity (Figure 4.2), so the DETRIS realizations are based on the regional
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river water level
surface-groundwater connection (RIV)
groundwater drainage (DRN)

 MODFLOW model boundary conditions

Figure 4.7 MODFLOW cross-section and boundary condition types. Boundaries without
specified boundary conditions are no-flow boundaries. The different shades of grey are based
on the lithology, which is more explicitly visualized in Figure 4.6C.

statistics. The classified CPT serves as ground truth data. DETRIS generates an
ensemble of 100 possible dike realizations. For each realization steady-state pres-
sure heads are calculated, and a dike slope stability calculation is performed on the
DETRIS simulation and the resulting pore pressure heads.

The steady-state hydrological simulations of the entire cross-section are performed
using the MODFLOW 6 software (Langevin et al., 2019). The 2D hydrological model
is set up using a cell size of 0.2 m both vertically and horizontally and includes the
dike and the subsurface (Figure 4.6C). At the left end the river has a connection
with the lower aquifer. Here the imposed river stage constitutes a head-controlled
boundary condition (Figure 4.3) handled by the MODFLOW river package(Hughes
et al., 2017). On the inner side of the dike head-controlled conditions (Figure 4.7) are
handled by the MODFLOW drain package that creates seepage points that permit
outflow only (Hughes et al., 2017). A drainage ditch with a constant head 0.5 m below
the surface is located on the landward boundary. The subsurface material types and
simulated dike material types are assigned a saturated conductivity (Ksat) based on
characteristic values (Table 4.1). In the steady-state simulation, the river is at a high
stage, with a head of 6.73 m with respect to ordnance datum (recurrence interval of
1:30,000 years, the safety standard for this dike stretch).

The dike slope stability calculations are again performed in D-Stability software
(Deltares, 2019). The DETRIS realization replaces the expert schematization of the
dike material, while the natural subsurface is kept the same (Figure 4.6). Each layer
in the DETRIS realization is assigned the C-Phi parameter values corresponding to its
material type (Table 4.1). In addition, the resulting pressure heads from the steady-
state MODFLOW model are inserted in the D-Stability software. From the DETRIS
realization and corresponding pressure heads, the inner (landward) slope stability is
expressed by the safety factor F (see Appendix A.2 for example calculation).
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Table 4.1 Subsurface types used for case-study and corresponding hydrological and geotech-
nical parameters. Values of saturated conductivity are derived from (Pachepsky and Park,
2015) and geotechnical parameters are based on EC7 (CEN, 2004).

Material type Ksat

(md−1) c′ (kPa) ϕ (o) γ
(kNm−3)

γsat
(kNm−3)

Sands 5.75 0.0 32.5 18.0 20.0
Sand mixtures 0.26 0.0 30.0 18.5 20.5
Silt mixtures 0.05 1.0 30.0 20.0 20.0
Clays 0.01 5.0 17.5 17.0 17.0
Organic soils 0.10 3.75 15.0 12.5 12.5
Expert scenario dike material 0.0 30.0 18.9 18.9
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Figure 4.8 Histograms of regional dike properties from all high-detail cross-sections (Fig-
ure 4.2, Appendix A.1). The sampled properties are layer slope, layer thickness and layer
material type. Negative layer slopes indicate inner side slopes and positive layer slopes indi-
cate outer side slopes. Material types according to USDA classification system (Soil Science
Division Staff, 2017).

4.3 Results

4.3.1 General characteristics of archaeological dike cross-sections
Out of the 66 digitized cross-sections, twelve cross-sections had sufficient detail to
derive general statistics of dike buildup characteristics in the form of probability
density functions for layer slope, layer thickness and layer material type. The layer
slope is centered around a slope of zero, with negative values representing inner side
slopes and positive values representing outer side slopes (Figure 4.8). The median
layer slope is exactly zero, indicating inner and outer slopes are generally equally
steep. The absolute median layer slope equals 0.21, roughly being equal to a vertical
to horizontal ratio of 1 to 5. The median layer thickness is 0.50 meter, with 5 and 95
percentiles at 0.13 and 1.94 m. In our digitized cross-sections most dike layers consist
of clay and loam (71%), with the largest remainder consisting of sand or gravel (26%).
However, peat, wood and stone are also found in the historical dikes (3%).
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4.3.2 Visual DETRIS example
To illustrate how DETRIS simulates construction history by consecutively selecting
new reinforcement layers, the dated construction of the real Lent dike (Figure 4.9)
is presented next to an arbitrary DETRIS realization of the same dike. The total
construction period is divided into two phases: a first phase with construction and
reinforcements made up to 1500 CE and a second phase with reinforcements made
after 1500 CE. As outlined, these construction phases are linked to the different
statistics to parameterize DETRIS, resulting in two separate simulation spaces that
can be traced across the realizations.

The early reinforcements particularly consist of clayey to silty material in both the
real dike and the DETRIS dike. The real dike equally extends the reinforcements to
either side of the dike center, confirming our DETRIS assumption that the position of
any next reinforcement is based on the principle of spatial accommodation, i.e., that
there is no clear preference for one side. For the second (youngest) selected temporal
period, both the DETRIS dike and the real dike have a larger occurrence of sand
and gravel reinforcement layers. The DETRIS realization visually seems to mimic
the construction history and resulting heterogeneity of the real dike relatively well,
but a statistical analysis is needed to demonstrate this similarity on a larger set of
realizations.

4.3.3 Performance of DETRIS algorithm
The performance of DETRIS in probabilistic terms is assessed on two known cross-
sections (Lent and Vlaardingen, Figure 4.5), using statistics from both local and
regional statistics. The performance is based on two indicators: The ability of DE-
TRIS to create similar patterns of heterogeneity as found in historical dikes, and the
ability of DETRIS to simulate the correct material texture given variable quantities
of available ground truth data.

Performance of simulating dike heterogeneity
Four simple quantitative heterogeneity metrics (section 2.4.1), being fractal dimension
(D), relative contagion (RC), relative evenness (RE) and relative patchiness (RP ),
are compared between 100 DETRIS realizations and the two known dike cross-section.
The average normalized root mean squared error (NRMSE) of all heterogeneity
indices between all the realizations and the real values are seen as a general indication
of model performance (Figure 4.10).

The NRMSE using local and regional statistics for dike buildup characteristics
respectively are 0.18 and 0.21 for the Lent case and 0.20 and 0.23 for the Vlaardingen
case. This indicates that a dike can be more precisely reconstructed by DETRIS if
the local statistics of that dike are known. For both Lent and Vlaardingen cases,
DETRIS performs best in the fractal dimension (D) measure, indicating that the
simulated layer shapes match well with the layer shapes in the real dikes. For the
tested cases, the RP of the local statistics generally tends to be low and of the regional
statistics high, indicating that layer transitions given the regional statistics tend to
be associated with shifts in material properties that are more abrupt than observed in
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Figure 4.9 Historical evolution of a real dike (Lent) based on the archaeological excavation,
and a realization of dike construction history by the DETRIS algorithm using the local
statistics from the observed dike. The total construction period is approximately from 1200
CE to 1950 CE. The construction history is divided into two phases, separated by the dotted
line, representing the historical dike surface at approximately 1500 CE and at 1950 CE.

reality. In line with this, the Vlaardingen RE is often too high, which might suggest
that DETRIS is less suitable for simulating more homogeneous cross-sections.

Performance of model accuracy and effect of ground truth data conditioning
The DETRIS algorithm can also be conditioned on ground truth data, often available
as vertical cores. These cores are often placed at the outer toe, at the dike crest or
at the inner toe of the dike. Three scenarios are compared here: a scenario without
ground truth data (Figure 4.11A, D), one location of ground truth data (Figure
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Figure 4.10 Comparison of heterogeneity indices of DETRIS algorithm based on local and
regional statistics of dike buildup characteristics and the heterogeneity indices of the actual
dikes: Fractal dimension (D), relative contagion (RC), relative evenness (RE) and relative
patchiness (RP ).

4.11, E) and three locations of ground truth data (Figure 4.11C, F) for DETRIS
conditioning. For each scenario, 100 DETRIS realizations are performed using local
and regional statistics for both Lent and Vlaardingen. The spatial balanced accuracy
(BA) is only assessed on 100 realizations of Lent with local statistics (Figure 4.11D-F).

Independent of the use of local or regional statistics, the median BA increases
when adding ground truth data, while the interquartile range of BA decreases. The
local statistics result in a higher BA than the regional statistics, but this difference
decreases when adding one core and almost diminishes when three ground truth data
cores are used. There is a large difference in BA between the two presented cases,
Lent and Vlaardingen, where the more uniform Vlaardingen case shows the largest
relative improvement from no cores to one core, while the more heterogeneous Lent
case shows the largest relative improvement from one core to three cores.

The BA increase of the DETRIS model is mostly caused by an increase in the
proximity of the available ground truth data (Figure 4.11D-F), with BA > 0.75 for on
average 1.7 meters on each side of the ground truth data. At locations further away
from the ground truth data the BA stays the same or can even decrease compared to
the non-informed (no cores) reconstruction.

4.3.4 Implications of DETRIS for groundwater levels and dike stability
The application of DETRIS is shown for a different cross-section (Nieuwegein, Fig-
ure 4.6). At this location, the regional statistics are used as no local information is
available except a single CPT. For this location, two expert scenarios on groundwa-
ter conditions and the corresponding safety factors (F ) for dike slope stability are
available (see Section 2.5.2).

Based on the 100 dike buildup realizations by DETRIS, the simulated pressure
heads in the aquifer beneath the dike are in general agreement with the schematized
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Figure 4.11 Performance of model predictions given one or multiple ground truth data
locations for conditioning. The top row (A-C) shows the balanced accuracy (BA) on both
cross-sections and local/regional statistics, and the bottom row shows the balanced accuracy
(BA) spatially of the Lent dike based on local statistics.

expert scenario (Figure 4.12B). For the realizations, the variation of dike buildup
material type results in a high variation of the simulated water tables in the dike. At
the outer crest location (width = -3.5) the difference between the 5 and 95 percentile of
the simulated phreatic lines equals 1.59 m, while the two expert schematized phreatic
lines differ by 0.98 m. Around the CPT location and at the inner toe of the dike,
the variability decreases. At the inner crest location (width = 3.5) the difference
equals 0.48 m for the simulations and 1.05 m for the schematized phreatic lines, and
this decreases even further towards the inner toe, as the dike is drained by the sandy
wedge present. At the CPT location, the reduced 5-95 percentile range of groundwater
pressure heads emphasizes that the effect of any ground truth data extends beyond
decreasing the uncertainty in material texture (as shown in the previous section,
Figure 4.11).

The two safety factors F for dike slope stability on the inner (landward, right side)
slope are 1.12 with a high phreatic level and 1.53 with a lower phreatic level (Figure
4.12C). Based on the DETRIS realizations, the median dike stability F is 1.41, with
a 5 and 95 percentile of 1.35 and 1.51. Thus, the simulated safety factors F are in
between the two expert schematizations and have a smaller variation. Overall, the
DETRIS-based values are nearer to the safety factor resulting from the schematized
groundwater scenario with a lower phreatic level as the draining conditions near the
inner crest strongly control the phreatic levels in this case.
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Figure 4.12 Results and implications of using DETRIS for dike stability simulation. The
entire cross-section is shown in Figure 4.6. For 100 dike realizations using DETRIS (of
which 4 realizations are shown as an example (panel A), the groundwater level (B) and
dike stability (C) is calculated and compared against schematized expert scenarios. The
simulated phreatic levels (B) (light blue) are mostly in-between the two expert schematized
phreatic levels (dark blue). Similarly, the resulting dike stability safety factors (F , panel
C) are also mostly in between the safety factors resulting from the two expert schematized
phreatic levels (dotted lines).

4.4 Discussion

4.4.1 Relevance of local statistics for dike heterogeneity assessments
To assess the dike safety on a longer dike stretch, information on dike material vari-
ation along the dike on a small scale (several meters) is crucial. However, to our
knowledge only a few observations exist from which the parameters needed for DE-
TRIS can be derived, and these are often far apart. However, an indication of the
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Figure 4.13 Variogram models of two dike properties. Both show a large nugget, indicating
local variability at scales smaller than sampled in this research is significant.

spatial correlation of material properties is essential as it indicates how representative
the local and regional statistics are that are used to parameterize DETRIS.

The spatial variability of dike buildup is analyzed based on the material types
of all 66 cross-sections in the larger database (see Section 3.1), which include both
the twelve detailed profiles used for the parametrization of DETRIS as well as other
less detailed reports on historical dikes. Two parameters are assessed: the previously
discussed RE, as a measure of dike material heterogeneity, and the average saturated
conductivity Kavg based on Table 4.1, as a measure of average dike properties. The
spatial similarity of these metrics between dikes is assessed using variograms (Math-
eron, 1963). A spherical variogram model is fitted including the nugget effect, with a
maximum lag distance of 100 km and a uniform binning strategy.

The Kavg has a nugget of 0.989, which is 50.5% of the total sill of 1.958, and an
effective range of 63.4 km. The RE has a nugget 0.033, which is 53.3% of the total
sill of 0.063, and an effective range of 7.7 km (Figure 4.13).

The variograms of Figure 4.13 suggest that the use of local dike statistics is only
useful within 7.7 km from a known dike cross-section, as at further distances no spatial
similarity in dike buildup may be expected. Of the approximately 1850 km of primary
river dike in the Netherlands, 17% is located within a radius of 7.7 km from a detailed
dike cross-section. As the local statistics from detailed dike cross-sections substan-
tially decrease the uncertainty in dike buildup and groundwater conditions, increasing
the number of detailed cross-sections from which local statistics can be derived, would
increase the overall accuracy. However, the high nugget-to-sill ratios (∼50%) indicate
that even on smaller scales large variations can occur, and that ground truth data,
in combination with a successfully applied interpolation or simulation model, is also
needed for accurately predicting dike buildup. This was also shown by the balanced
accuracy (BA), where for Vlaardingen, local statistics without ground truth data
lead to a median balanced accuracy (BA) of 0.17, while regional statistics with three
ground truth data cores for conditioning lead to a BA of 0.49 and local statistics with
three ground truth data cores lead to a BA of 0.51 (Figure 4.11). Thus, the model
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benefits more from adding ground truth data at multiple locations when regional
statistics are used, than it benefits from adding a limited number of cross-sections
to provide the local parameterization. Also, cross-sections are very destructive and
often not allowed in primary dikes. However, we recommend a more intense collabo-
ration with archaeologists to increase the density of high-quality data on dike material
buildup to inform dike reconstructions, in particular as the delineation of the recon-
struction phases is an open question in our method. Again, replacing it by aggregated
statistics for the entire dike buildup and using ground truth data can solve this partly,
but the results will deteriorate considerably without ground truth data conditioning.

4.4.2 Dike safety assessment improvements by DETRIS
DETRIS can provide more realistic heterogeneous dikes than those currently in use,
as it does not assume uniform material characteristics in the entire dike. Its fast
and effective algorithm can provide multiple realizations of dike buildup, based solely
on input statistics of material and layer characteristics, and optionally incorporate
ground truth data. As such, it produces a data-based approximation of the uncer-
tainty in dike failure risk as a function of dike heterogeneity and groundwater condi-
tions. This probabilistic approach results in a better informed assessment of dike slope
stability. In addition, it can easily incorporate (more) local statistics, ground truth
data, or knowledge on dike construction history in an objective manner, contrary to
human-controlled expert schematizations. In this case, the probabilistic assessment
resulted in a smaller uncertainty when compared to expert judgement (Figure 4.12).
While this may vary from case to case, it reflects the strength of DETRIS in evaluat-
ing the effect of the buildup and the uncertainty therein on the stability of dikes in a
mechanistic manner.

4.4.3 Suggestions for model improvements
DETRIS is currently capable of simulating realistic dike buildup on 2D cross-sections,
but the algorithm is prone to simulate too large differences in composition between
adjacent layers. In the observed cross-sections similar layers were often more clustered.
Like conditioning on point data, adding conditional probabilities to represent inter-
layer dependencies can result in more realistic dike buildup realizations. The use of
recent developments in continuous geophysical data interpretation, such as electrical
resistivity tomography (Chavez Olalla et al., 2021) or ground penetrating radar (Di
Prinzio et al., 2010) are promising to increase the availability of ground truth data too.
In addition, coupling our object-based model to other geostatistical methods, such as
multiple-point geostatistics (Tahmasebi, 2018) can provide more detailed indications
of material uncertainty across but also along the dike. Such a coupling has already
been successfully applied to simulate natural deposits (Michael et al., 2010).

4.4.4 Outlook and suggestions for further research
The explicit characterization of the legacy of dike construction on the material com-
position as implemented in the DETRIS algorithm can assist in obtaining better
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informed safety calculations and improve our understanding of the governing pro-
cesses on different temporal scales. An example of a short-term process as presented
in this paper is the location of the phreatic line during high river water levels and
the dike slope stability. Other stability related features, such as the presence of an
erosion resistant core or small sand lenses in the dike can be better assessed using
DETRIS as well. They are important as a source of residual strength after dike slope
failure and for having a major influence on the intrusion length of pore pressures.

In terms of long-term processes such as soil formation and weathering, DETRIS
can link the composition of a particular layer and its properties to material and
age. In addition, compaction of the layers can change the dike buildup geometry
and material properties. This, eventually, may alter the behavior of the dike during
prolonged periods of droughts due to irreversible shrinkage of clay and peat and the
formation of fissures, which could affect its ability to withstand high water levels that
follow, thus introducing hysteresis.

4.5 Conclusion

In this work, we developed the Dike Erection Tessellation using Regionally Inherited
Statistics (DETRIS) model to simulate dike buildup based on historical dike cross-
sections. By applying this model, a new valuable source of information is added to
improve estimates of dike material and its heterogeneity, and provide uncertainty
estimates of flood safety of the corresponding dikes.

• The implementation of a process-based model (DETRIS) enables a probabilistic
assessment of dike interior buildup based on observed characteristics of historic
dikes, which goes beyond the current assumption of homogenous dikes.

• Dikes have a high internal heterogeneity which is captured by the model. Lo-
cal information improves the predicting capacity of dike buildup, but regional
statistics, nonetheless lead to representative dikes.

• Dike cross-sections only have a predictive capacity within several kilometers,
and considerable variation is observed even on smaller scales. Conditioning to
ground truth data cores or CTPs provides a good alternative at locations outside
this range.

• Using DETRIS-based scenarios of dike buildup to simulate groundwater levels
and dike stability provides a more comprehensive way of incorporating het-
erogeneity than arbitrary expert-based estimations and narrows down the un-
certainty of dike slope stability analyses while incorporating local and adverse
effects of more permeable or less competent layers.

• DETRIS is capable of simulating non-natural discrete lithology sequences, and
it can be further improved by adding layer inter-dependency or possibly coupling
it to a multiple-point geostatistics algorithm.
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• We recommend a more intense collaboration with archaeologists and responsible
institutions for dike maintenance to increase the density of high-quality data on
dike buildup material and ages of dike erection phases than currently present.
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5 Effects and Implications of
Transient Groundwater Model
Simplifications for Dike Slope
Stability

Abstract
The evolution of groundwater conditions that potentially cause dike slope instability is a

three-dimensional process, thus a coarser subsurface schematization or the use of a 2D

groundwater model is likely to provide a less realistic representation than detailed 3D ap-

proaches. This paper explores the impact of simplifications in subsurface schematization

detail and model dimensions on pressure head estimations for dike slope stability, i.e. by

applying these simplifications to a realistic and detailed 3D reference scenario: the Stuiven-

berg channel belt (Rhine-Meuse delta, the Netherlands). A 3D groundwater model with a

hypothetical dike-river system was created for the entire mapping domain, from which a set

was created of 373 cross-sectional 2D groundwater models perpendicular to that river. Also,

we applied the 3D model to a downgraded version of the subsurface schematization. We

found that using 2D groundwater models can result in severe underestimations of pressure

heads compared to 3D groundwater models. These occur where river to groundwater infil-

tration is limited in the 2D model but not in the 3D model as water can bypass less pervious

layers in the 3D simulations. For the same reason, large overestimations may occur using

a 2D model if groundwater is impounded against impermeable geological units but can be

deflected in the 3D model. Using a simplified geological schematization mostly resulted in

larger pressure heads at the locations where the schematization changed. Related to dike

slope safety assessments the use of the 2D groundwater models leads to an underestima-

tion of groundwater pressure heads and thus are overly optimistic in assessing the failure

probability of dikes, with possibly dangerous consequences.
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5.1 Introduction

Dikes (i.e. earthen flood defenses) are raised to prevent flooding of many major
lowland rivers. These dikes not only need to be higher than the extreme expected
river water levels, but also need the structural integrity to withstand water at levels
lower than the dike crest, as slope instability during high river water levels is one
the major failure mechanisms of dikes (Jonkman et al., 2018). The probability of
slope instability depends on the material properties of the dike and of the subsoil,
and on the pore water pressure (pressure heads) at these locations. When river water
levels increase during a high water event, seepage into the dike and subsoil increases
pressure heads, reducing the soil’s effective stress and strength and thus increasing
the dike slope failure probability (’t Hart et al., 2016). With more extreme river
water levels expected in the future worldwide (IPCC, 2022), and already 1500 km of
primary flood defenses still to be assessed and possibly reinforced in the Netherlands
alone (HWBP, 2022), accurate estimates of groundwater conditions remain crucial
for assessing dike failure probabilities.

Both dike stability and groundwater flow are three-dimensional phenomena and
thus 3D models for both slope stability and groundwater flow provide a more realistic
representation than 2D approaches, especially when dealing with heterogeneous sub-
surface material (Hicks et al., 2014; Barnett et al., 2012). Despite this, to simulate
pressure heads for dike slope stability assessments often 2D groundwater models are
used (Meehan and Benjasupattananan, 2012; Lanzafame et al., 2017) as this coincides
with the presumed largest gradient, being perpendicular to the river, across the dike,
and is in agreement with the plane strain assumption used in limit-equilibrium slope
stability models. However, for flow across a dike and its subsurface differences in
permeability and storativity imply that flow paths are not constrained to the same
2D plane, thus decreasing the assumed validity of 2D groundwater models (Cheng
et al., 2016; Jafari et al., 2016).

To make an accurate assessment of groundwater conditions that potentially cause
dike slope instability, a detailed subsurface schematization is necessary. Creating such
a schematization involves describing the subsurface architecture: the spatial distribu-
tion, occurrence depth and thickness variation of deposits, as well as their properties,
such as lithology and hydraulic conductivity. However, the shallow subsurface around
lowland rivers in a deltaic setting is very heterogeneous, due to both the temporal
evolution of the river system on antecedent stratigraphy (Geleynse et al., 2011) as
the interplay between these rivers and coastal processes (Hoitink et al., 2017). In
our study area (the Rhine-Meuse delta in the Netherlands) a large part of the delta
consists of clay and peat deposits from river floodplains intersected by sandy de-
posits from their past and present river systems (Berendsen and Stouthamer, 2000;
Bierkens, 1996; Winkels et al., 2022). Within the sandy channel belts from these
often meandering river systems, units with different lithological characteristics are
present, related to the meander dynamics and abandonment of these systems, such
as abandoned and residual channels (Toonen et al., 2012; Winkels et al., 2022). The
latter are often relatively small (tens of meters) and therefore may be overlooked or
ignored in subsurface schematizations for groundwater models.
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Thus, the large natural variability of subsurface architecture poses a challenge for
simulating accurate groundwater pressure heads around specific dike sections. This
challenge is related to the complexity of the natural system, which due to practical
reasons cannot always be fully captured in the groundwater simulation. The problem
is twofold: First, the 3D groundwater models are often simplified to 2D groundwa-
ter models, possibly to constrain calculation time, which might produce inaccurate
flow paths and pressure head evolution in the heterogeneous subsurface architecture.
Second, the subsurface architecture is often simplified in the model schematizations
as the number of subsurface observations is too small to capture the heterogeneous
subsurface architecture in sufficient detail. Moreover, these two simplifications often
co-occur.

The large natural variability of subsurface architecture poses a challenge for simu-
lating accurate groundwater pressure heads around specific dike sections. Due to the
complexity of the natural system, it often cannot be fully captured in terms of the
finer detail and the heterogeneity of the material for practical reasons. Hence, the
subsurface architecture is often simplified in the model schematizations as the num-
ber of subsurface observations is too small to capture the heterogeneous subsurface
architecture in sufficient detail. Also, 3D groundwater models are often simplified to
2D groundwater models for computational expediency and to reduce the volume of
input and output data. In many cases, these considerations result together in strongly
generalized 2D groundwater models.

This paper explores the impact of simplifications in subsurface schematization
detail and model dimension on pressure head estimations for dike slope stability in
relation to a realistic and detailed 3D reference scenario. Based on the findings,
we will suggest good practice choices for groundwater modelling related to the as-
sessment of dike failure probability and infer the consequences when less suitable
groundwater schematizations are used. First, we describe an extensive workflow for
assessing both the impact of reduced detail in subsurface schematizations and reduced
model dimensionality on groundwater conditions in section 5.2. This method includes
the calculation of time-dependent pressure heads with the MODFLOW hydrological
model. Second, we aim to explain the key factors causing differences in groundwater
conditions when the detail in subsurface schematizations and model dimensionality
are reduced in section 5.3. Hereafter section 5.5 discusses the effects on dike slope
stability and the main implications for groundwater modelling near river dikes.

5.2 Methods

To assess the effect of simplifying subsurface architecture two subsurface schematiza-
tions of our study are considered with a different level of detail. The study area con-
tains a geological architecture characteristic for the Rhine-Meuse delta and is mapped
in high detail (Winkels et al., 2022). Given a subsurface schematization, 2D and 3D
groundwater models are created. The influence of subsurface architecture detail is
expected to decrease further away from the river, as groundwater gradients decrease.
To capture the maximum influence of the subsurface architecture we created multi-
ple model runs with a hypothetical river channel at different locations. Finally, the
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model outcomes of these model runs are combined in composite images to highlight
the influence of local subsurface architecture heterogeneity on groundwater conditions
within, and between, 2D and 3D groundwater models.

5.2.1 Subsurface scenarios
The 2D and 3D subsurface schematizations for our analyses are based on a geolog-
ical mapping (Cohen, 2017; Winkels et al., 2022) of the Stuivenberg channel belt
(SCB). The SCB is a meandering channel belt in the central Rhine delta that was
active between approximately 4300 and 3500 cal. yr BP (Winkels et al., 2022). Its
internal architecture and lithology have been mapped in detail and includes an aban-
doned channel with a residual channel within the channel belt extent. The subsurface
scenarios in our workflow contained either both the channel belt and its internal ar-
chitecture (complex ) or a simplification in which the internal architectural elements
are ignored (simple) (Figure 5.1).

The Stuivenberg channel belt sand body has a thickness of approximately 8 m
and is at the bottom connected to a different coarse-sandy unit deposited by an
older (Pleistocene age) braided river system. The SCB is embedded in thick clayey
floodplain deposits, which at the bottom are also connected to these Pleistocene sands.
On top of the embedded SCB lay additional floodplain deposits with a thickness of 1
m (Figure 5.1). Within the boundaries of the SCB sands, an abandoned channel and
a residual channel are present. The abandoned channel fill is characterised by finer
sands and higher silt content that were deposited in the final stage of river activity.
It indicates the full channel width just prior to its abandonment, in which the river
discharge already decreased (Toonen et al., 2012). The residual channel is the final
clayey infilling of the abandoned channel after it is disconnected from the main branch
(Toonen et al., 2012).

5.2.2 General workflow to assess model dimension impact
To analyze the effect of model dimension given a subsurface scenario and its lo-
cal architecture, a hypothetical present-day active river is incised into the geological
schematization. This hypothetical river is schematized as a N-S oriented straight
line at a given x-coordinate and is bordered by two parallel dikes, each at 100 me-
ter distance from the river bank. The river incision was shaped as an upside-down
trapezoid, with a depth of 6 meters, a base width of 100 meters, and a slope towards
the riverbank of 1/5. The dikes were modelled as trapezoids too, with a height of 6
meters, a top width of 5 meters, and a slope of 1/3. Furthermore, outside the dikes,
the surface elevation is assumed to be the same everywhere (Figure 5.2).

To assess the effect of geological transitions between different lithologies and with
different orientations to the river, the dike-river system was step-wise re-positioned
on the geological subsurface, by laterally shifting it to a different x-coordinate, with
a spacing of 50 meters resulting in a total of 46 locations. For each position of the
dike-river system on the subsurface, a 3D groundwater model was created for the
entire mapping domain. In addition, an array of 373 W-E oriented 2D groundwater
models was created at different y-coordinates, with a spacing of 3 meters (Figure 5.2).
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Figure 5.1 Schematized overview of subsurface schematizations. Given the Stuivenberg
channel belt mapping (top row) two subsurface scenarios are created: a complete schemati-
zation including all geological units (complex, middle row) and a simplified schematization
without the abandoned channel and residual channel (simple, bottom row). These schema-
tizations are assigned a saturated conductivity (Ksat) based on hypothetical characteristic
values. A 2D cross-section scenario is made on an y-coordinate transect (orange line). Note
that the top view (left column) is a horizontal slice at a depth of -1 m, above which clayey
floodplain deposits are found.

Using this layout, the 3D groundwater simulations can at many locations directly be
compared to those resulting from the 2D groundwater models. Thus, in total per
subsurface scenario, 46 3D groundwater model runs and 17158 2D groundwater model
runs are performed. With this multiplicity of models many different orientations of
the channel belt (and residual channel) were present between the river and the dikes
on either side of that river. Thus, this approach covers many scenarios of realistic
geological architecture that are encountered in the Rhine-Meuse delta.

5.2.3 Hydrological model setup and boundary conditions
The hydrological model setup and its boundary conditions were similar for the two-
dimensional calculations and three-dimensional calculations. The groundwater model
software MODFLOW 6 (Langevin et al., 2019) was used to simulate the pressure heads
in the dike and subsurface. Initial groundwater levels were set to -1 meter, being 1
meter below the floodplain elevation. Changing river water levels were provided by
a half sine function that is scaled between a minimum water level of -1 m and a
maximum water level of 5 m, which is reached at time T = 15 days. The transient
MODFLOW simulation ran on a 1-day timestep and had a total runtime of 30 days.
The model grid was created by the GRIDGEN software (Lien et al., 2015) which
creates layered quadtree grids. A quadtree grid contains refinements by continuously
dividing an existing cell into four smaller cells until the desired level of refinement
is reached. We used a maximum cell size of 32 m, a cell size of 4 meter near the
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Figure 5.2 Schematized overview of general workflow with scenarios of river thalweg loca-
tion (at a selected x-coordinate). For a selected river thalweg location, a 3D groundwater
model is created and a multiplicity of 2D groundwater models over a cross-section (at a
selected y-coordinate). Note that to increase clarity the number of visualized scenarios is
less than actually computed.
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Figure 5.3 GRIDGEN model grid example and exemplary boundary condition schemati-
zation on a cross-section. The grid cell sizes are higher near geological boundaries and near
the river thalweg.

Table 5.1 Values for hydrological and geo-mechanical parameters given the geological unit.
Note that the Abandoned channel and Residual channel are not present in the simple schema-
tization.

Geological Unit Ksat (md−1) ϕ (o) c′ (kPa) γsat (kNm−3)

Dike 0.1 30.0 1.0 20.0
Floodplain 0.001 17.5 5.0 17.0
Channel belt 10 32.5 0.0 20.0
Pleistocene 10 32.5 0.0 20.0
Abandoned channel 0.5 30.0 0.0 20.5
Residual channel 0.001 17.5 5.0 17.0

river and near geological boundaries, and a cell size of 1 meter in the dike (Figure
5.3). The vertical cell size decreases from 1 m resolution at an elevation below -6 m
to 0.5 m resolution between elevations of -6 m and -2.5 m and 0.25 m above that.
A saturated conductivity (Ksat) is assigned to the subsurface material types based
on typical values (Table 5.1). In the river channel and where the river water level
is above the floodplain, the MODFLOW river package enables river-groundwater
interaction (Figure 5.3). On the landward side, the drain package (Hughes et al.,
2017) enables outflow only if pressure heads become higher than the surface elevation.
For these interactions, the conductance (with unit m2/day) is calculated according to
Ksat∗A / M , with A as the cell surface area and M as the cell thickness. This package
is also used to model a ditch (which permits unhampered outflow at a conductance
of 1000 m2/day) parallel to the river dike 50 meters inland from the inner dike toe.
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5.2.4 Post-processing of groundwater conditions
Two types of post-processing are performed on the MODFLOW model output. First,
for a single 3D groundwater model run (with a given subsurface scenario and the N-S
river at a given x-coordinate) the corresponding set of 2D groundwater model runs (at
y-coordinate W-E cross-sections) were combined into a three-dimensional composite
of 2D model runs. As the 2D model cell size at the dike is smaller than the 3 m spacing
between 2D model runs, not all 3D model nodes have a 2D counterpart. Nonetheless
afterwards horizontal and vertical cross-sections were retrieved from the merged-2D
and true-3D model outputs for further analyses and comparison. In this manuscript,
we particularly evaluated horizontal cross-sections at a depth of 1 m (being at the top
of the SCB) of either a single 3D model run or the composite of 2D model runs, and
vertical cross-sections consisting of a single 2D model run or a slice of a 3D model run.
As dike slope stability partly depends on the pressure heads underneath the dike, the
pressure head at a depth of 1 meter beneath the dike is used as a representative and
intuitive value for a first order model comparison.

In addition, a second type of composite is created to analyze the spatial influence
of the model dimension and the geological schematization on pressure heads related
to dike slope stability. In our workflow multiple groundwater simulations were per-
formed with the river (and the bordering dikes) at different x-coordinates. Of all
simulations, which is: for all 46 river positions with each one 3D and 373 2D ground-
water simulations, the simulated pressure heads at an elevation of -1 m (top of the
SCB) underneath the dike were combined into a composite image. This composite
image provides an estimation of the maximum influence of subsurface architecture
and model dimension on pressure heads for dike stability.

5.2.5 Slope stability model setup
To further assess the impact of simplifications in subsurface schematization detail and
model dimension on pressure head estimations for dike slope stability, several slope
stability calculations were made as well. These slope stability calculations were per-
formed in the D-Stability software (Deltares, 2019) using a limit-equilibrium method.
The hydraulic heads from the MODFLOW groundwater model were used as input for
a detailed schematization of the groundwater pressure heads in D-Stability. The inner
(landward) slope stability was calculated using the Uplift-Van method (Van, 2001),
which accounts for long-shaped slip planes with strength loss due to uplifting of rela-
tively thin clay blanket layers. A particle swarm search algorithm was used to select
the most critical slip plane. The geomechanical parameters angle of internal friction
(ϕ), cohesion (c′) and saturated unit weight (γsat) (Table 5.1) are deterministic and
based on EC7 (CEN, 2004).

5.3 Results

In this section, we will first present the groundwater pressure heads and differences
for one model schematization (i.e. one river thalweg x-coordinate location). Subse-
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Figure 5.4 Subsurface schematization and pressure head evolution for the complex 3D sce-
nario. The top view represents a horizontal cross-section at a depth of -1.0 m, above which
an aquitard is located (see cross-section). The pink arrows indicate the direction of water
level change at that timestep.

quently, we will present the combined results of all river thalweg locations and relate
these to dike slope stability.

5.3.1 Evolution of pressure heads over time
For the most realistic reference scenario (complex 3D), consisting of a 3D groundwater
model based on the detailed geological model of the channel belt, we first present the
pressure head evolution over time (Figure 5.4). In the selected cross-section at T = 5
days, little response is observed in the dike and cover layer, but the pressure head at
a depth of 1 meter beneath the dike are -0.28 m and -0.46 m below the left and right
dike respectively. At T = 15 days the pressure head beneath the dikes are 2.32 m and
1.63 m and at T = 25 days 0.15 m and 0.04 m for the left and right dike respectively.
The difference between the left and right dike is mostly induced by the variation in
subsurface permeability and corresponding river to groundwater infiltration rates. In
the falling limb of the flood wave, the delay in groundwater response may result in
aquifer pressure heads that are larger than the river water levels. The same is true
for pressure heads in the dike and cover layer, which due to their low Ksat have a
smaller but more prolonged response to the river water level than the sandy deposits.
In the selected cross-section at T = 25 days, the riverward side of the dikes still retain
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Figure 5.5 Pressure head of the complex 3D scenario versus the complex 2D scenario for T
= 15. The top view represents a horizontal cross-section at a depth of -1.0 m, above which
an aquitard is located (see cross-section). The pressure head anomalies indicate complex 2D
- complex 3D, thus high (red) anomalies indicate higher values in the complex 2D scenario.

pressure heads up to 3 m, while the river water level already dropped to 0.5 m (Figure
5.4).

Focusing on the spatial pattern of pressure head evolution at the top of the aquifer,
we observe similar patterns. First, with the same river water levels, pressure heads in
the higher permeability area are higher at T = 25 days than at T = 5 days. Second,
pressure heads are significantly lower (for example at x=127000, y=449800) if the
river to groundwater infiltration is hampered by low permeabilities, but further away
from the river this effect is partly diminished by groundwater flow not perpendicular
to the river. As the largest pressure head differences seems to emerge at the timestep
of maximum river water level (T = 15 days), we hereafter limit our analysis to this
moment.

5.3.2 Reducing realism
In the following sections, we first simplify either the groundwater model dimension or
the subsurface schematization. Afterwards we analyze the effect of simplifying both,
thus additionally removing realism from the model schematization. We select the
timestep with the highest river water level (T = 15 days) as representative for the
observed patterns.
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2D groundwater model
When comparing the complex 3D results to a complex 2D model run at the cross-
section location and the composite aquifer heads of multiple 2D runs (Figure 5.5)
the pressure head differences between the 3D and 2D groundwater model are small
inside the river dike in the selected cross-section. However, larger differences occur
in the subsurface, where the complex 2D resulted in a pressure head at a depth of 1
meter beneath the dike (at T = 15 days) of 2.51 m and 1.08 m on the left and right
side of the river respectively, which is a difference of +0.18 and -0.55 compared to
the complex 3D scenario. As such, the skewed infiltration pattern is amplified in the
complex 2D scenario. This is caused by the less permeable (Ksat 0.5 m/d) abandoned
channel deposit, which hampers flow in the 2D section, whereas lateral groundwater
flow through the sandy aquifer will allow flow towards this lower-valued area in the
3D simulation.

The same process is also responsible for the large negative head differences (< -1
m) between the 3D and 2D groundwater simulation at the top of the aquifer (Figure
5.5, Top view): At those y-coordinate cross-sections where the river is completely
embedded in low aquifer clays (at y = 449700), no water can infiltrate, and pressure
heads remain low in that entire cross-section in a 2D simulation. On the other hand,
lateral flow will partly level out these along-river differences from the locations where
the river does touch the sandy channel belt deposits. The opposite is true too: high
positive (> 1 m) pressure head differences occur if 2D simulations model impoundment
of groundwater on a sand-clay interface, whereas groundwater will flow along that
boundary in a 3D simulation. This effect is most visible on the channel belt to
floodplain boundary (x=127100, y=449400). Thus, we can conclude that a 2D model
is insufficient if the river channel is connected to a permeable deposit nearby, but this
connection is not present in the 2D cross-section, or if the river channel is connected
to the permeable deposit but a nearby transition to an impermeable deposit is not
parallel to the river orientation and therefore absent in the 2D simulation.

Simple subsurface geology
In addition, we compare the complex 3D results to a simple 3D model, with the
cross-section location and the composite aquifer heads given a less detailed geological
schematization, in which the residual channel fill is absent (Figure 5.6). In the sim-
ple 3D scenario the pressure head at a depth of 1 meter beneath the left and right
dike on the cross-section respectively (at T = 15 days) is 2.44 m and 2.08 m, which
is a difference of +0.12 m and +0.44 m with respect to the complex 3D scenario.
As expected, simplifying the geological schematization by not mapping relatively im-
permeable deposits result in a more equal infiltration pattern on both sides of the
river. As a result, in the selected cross-section, where differences in geology occur
on the right side of the channel (a Ksat of 10 m/d instead of 0.5 m/d), more water
can infiltrate the subsurface resulting in pressure head increase. The maximum head
difference between the complex and simple subsurface geology in the cross-section oc-
curs directly next to the channel and is 0.83 m. In the top view the pressure heads at
aquifer depth clearly only differ close to removed channel fill; removing the less per-
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Figure 5.6 Pressure head of the complex 3D scenario versus the simple 3D scenario for
T=15. The top view represents a horizontal cross-section at a depth of -1.0 m, above which
an aquitard is located (see cross-section). The pressure head differences indicate simple 3D
- complex 3D schematization, thus high (red) positive differences indicate higher values in
the simple subsurface schematization.

meable residual channel from the detailed subsurface schematization generally results
in higher pressure heads.

2D groundwater model and simple subsurface geology
Finally, we decrease the realism even further and perform 2D groundwater models
with a simple subsurface geology (Figure 5.7, simple 2D). In the simple 2D scenario
the pressure head at a depth of 1 meter beneath the left and right dike on the cross-
section respectively (at T = 15 days) is 2.45 m and 2.25 m, which is a difference of
+0.12 m and +0.62 m with respect to the complex 3D scenario. This is very similar
to the differences observed between the complex 2D and 3D scenarios, however if we
look at the top view of pressure head differences at an elevation of -1 m (top of the
SCB), the differences contain patterns observed in the separate analyses (complex 2D
and simple 3D). Nonetheless, the combined result is not simply an addition of these
two. Overall, the pressure head difference resembles the complex 2D – complex 3D
difference, with large positive differences where groundwater is impounded on tran-
sitions to impermeable units and large negative differences where river-groundwater
infiltration does not occur in the 2D model runs. However, at the cross-section y-
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Figure 5.7 Pressure head of the complex 3D scenario versus the simple 2D scenario for
T=15. The top view represents a horizontal cross-section at a depth of -1.0 m, above which
an aquitard is located (see cross-section). The pressure head differences indicate simple 2D
- complex 3D, thus large positive (red) differences indicate higher values in the simple 2D
scenario.

coordinate, a different effect is prominent as the river-groundwater infiltration in the
simple 2D scenario is no longer hampered by the low permeability of the residual
channel in the complex geological schematization. Thus, large positive pressure had
differences are observed, as clearly seen in the cross-section (Figure 5.7). Still, the
influence of the simplified geological schematization remains small when compared to
the removal of the third dimension in the modeling.

5.4 Results of combined model runs

The results previously discussed only represent a single river thalweg location scenario
and the subsurface architecture in its close proximity. This section explores the max-
imum pressure heads underneath the dikes given the complete set of model runs. In
this set, all time steps are considered in finding the maximum pressure heads, where
the river was repositioned across the entire study area (see Section 5.2.4). The com-
plete set of model runs thus encompasses many local configurations of model setup
and subsurface architecture. We hereby focus on the dikes on top of the sandy SCB,
as there the differences are much larger than around dikes on top of the clayey flood
basin deposits (Figure 5.5, Figure 5.6, Figure 5.7).

With a simplified subsurface the 3D groundwater model (simple 3D) generally
results in higher pressure heads. If a 2D groundwater model is used, the pressure
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Table 5.2 Average maximum pressure heads (µ) and their standard deviation (σ) for the
various schematization scenarios, and the (absolute) differences of the average pressure heads
of the simplified scenarios relative to the reference complex 3D scenario.

Scenario complex 3D simple 3D complex 3D simple 2D

Value 2.09 ± 1.12 2.51 ± 0.80 2.09 ± 1.62 2.43 ± 1.43
Difference to complex 3D 0.42 ± 0.90 -0.01 ± 0.88 0.25 ± 1.28
Absolute difference to complex 3D 0.51 ± 0.85 0.60 ± 0.65 0.82 ± 1.02

head differences compared to the complex 3D model are almost equally positive and
negative. The complex 2D scenario on average results in similar pressure heads but in
absolute terms the differences are much larger. When both dimension and geological
schematization are simplified (simple 2D), the (absolute) difference becomes even
larger. Thus, if we look at the average absolute differences between the realistic
complex 3D scenario and the other model schematizations, using a simple geological
schematization produces as much of a bias as using a 2D groundwater model. Using
a simple 2D model then combines the worst aspects of both and thus yields an even
larger bias.

Both simple 2D and simple 3D scenarios result in large positive pressure head
differences when compared to the complex subsurface scenarios (Table 5.2). These
large positive differences occur where the complex subsurface scenario contains im-
permeable channel fill deposits and extends further in the direction of flow (left of the
deposits in Figure 5.8). The differences occur because the simple geological schema-
tization does not have impermeable internal deposits that hamper flow, resulting
in higher pressure heads. Furthermore, large negative pressure head differences are
more likely to occur in both simple 2D and complex 2D groundwater models. These
large negative differences occur where in 2D groundwater cross-section the riverbed is
mostly bordered by impermeable deposits disabling groundwater infiltration, whereas
in the 3D groundwater model infiltration will occur elsewhere and partly replenish the
groundwater deficit at this location (Figure 5.1). This occurs mostly just downstream
of the floodplain to channel belt transition.

5.4.1 Effect on slope stability
We performed slope stability analysis (section 5.5.2) on the inner (landward) slope
of the dike on each side of the river to assess the impact of pressure head differences
due to simplifications in subsurface schematization detail and model dimension on
dike slope stability. Slope stability calculations were made on each y-coordinate of
the 2D groundwater models for the same river thalweg location scenario as presented
in sections 5.3.1 and 5.3.2. Here we present the minimum dike safety factor F over
all model time steps. We again differentiate between dikes on top of the sandy SCB
and dikes on top of the clayey flood basin deposits.
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Figure 5.8 Composite image of the maximum pressure heads at the top of the channel belt
(-1.0 m) underneath the ‘left’ dike for all groundwater simulations with the river (and the
bordering dikes) at different x-coordinates. Therefore, the river location is slightly to the
right of the plotted coordinate and all patterns in these composites represent flow towards
the left. The pressure head differences indicate ‘scenario’ - complex 3D, thus high (red)
positive differences indicate an overestimation in the corresponding scenario relative to the
complex 3D scenario.

The average and standard deviation of the minimum dike safety factor F given
the most realistic scenario (complex subsurface and 3D groundwater model) is 1.33
± 0.04 and 1.08 ± 0.11 for dikes on top of the flood basin deposits and SCB deposits
respectively (Figure 5.9). This difference is due to the higher pressure heads in the
mostly sandy SCB, but also the overall lower geomechanical strength of these deposits.
Considering the safety factor differences (with positive differences meaning higher
F values in that scenario than in the complex 3D scenario) obtained for the other
model schematizations, only small decreases in F arise when using the simple 3D
schematization, with an F difference of -0.01 ± 0.02 and -0.05 ± 0.06 in the floodplain
and channel belt respectively. A larger difference and higher F -values result from the
2D scenarios, with a floodplain and channel belt F -difference of 0.03 ± 0.09 and
0.06 ± 0.28 for the complex 2D scenario, and 0.03 ± 0.09 and 0.01 ± 0.29 for the
simple 2D scenario respectively. The average difference for slope stability given the
2D groundwater models is low due to differences being approximately equally negative
and positive. The absolute differences for the floodplain and channel belt are 0.09 ±
0.03 and 0.24 ± 0.15 or 0.09 ± 0.03 and 0.25 ± 0.15 for the complex 2D or simple
2D scenario respectively. These results clearly indicate that dikes on sand are most
adversely affected by simplifications in subsurface schematization detail and model
dimension, as their average safety factor is generally closer to failure (F < 1).
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Figure 5.9 Minimum dike slope safety factors (F ) for the complex 3D scenario and safety
factor differences to the other scenarios given an example river thalweg location. The F
differences are ‘scenario’ to complex 3D differences, thus high (red) values indicate a higher
safety factor in the corresponding scenario than in the complex 3D scenario.
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5.5 Discussion

5.5.1 Importance of parameters for explaining pressure head difference
The effect of the different model configurations on the predicted pressure heads un-
derneath the dike is discussed by determining the relative influence of four parameters
on the resulting pressure head differences with the complex 3D scenario. Four param-
eters are selected that relate to substrate lithology and its local configuration, and
therefore likely influence these differences: saturated hydraulic conductivity of the
subsurface corresponding to a geological unit (Ksat), distance from the dike to the
nearest geological boundary (Dedge), angle to the nearest geological boundary (αedge),
and the percentage of the riverbed located in sandy material in the 2D cross-section
(2D%sand). These parameters reflect important processes related to groundwater
flow, respectively the likelihood of high pressure head buildup in a transient calcula-
tion, the nearby presence of subsurface heterogeneity, whether or not this transition
is located perpendicular to the pressure head gradient from the river to the dike and
to what extent river-to-groundwater infiltration is possible. The relative importance
of these parameters is based on a regression tree, which iteratively creates two new
branches (split the dataset into smaller subsets using the four parameters as features)
to be able to best predict its target (pressure head difference). New branches are
created based on a variance reduction objective function, i.e. the split in the dataset
that results in the smallest value of the branch variance is made (Hastie et al., 2009).
The iterative procedure ends if no further improvements can be made, the maximum
splitting depth (5 in the selected regression tree) is reached or the minimum sam-
ple size on a branch is reached (10 in the selected regression tree). As the dataset
is completely partitioned by a single decision tree, this method provides a powerful
and intuitive method of regression (Hastie et al., 2009). The feature importance is
calculated as the Gini-importance (Breiman et al., 1984).

The feature importance resulting from the decision tree analysis indicates that
there are two parameters with a large effect on the pressure head differences (Figure
5.10): the percentage of the riverbed located in sandy material in the 2D cross-
section (2D%sand) and the saturated hydraulic conductivity of the subsurface (Ksat).
For explaining the difference between the 3D and 2D groundwater model dimension
2D%sand is most important while the difference between the complex and simple
subsurface schematization is most explained by the Ksat. The differences from the
simple 2D scenario are approximately equally influenced by both. The importance
of 2D%sand for 3D – 2D differences can be explained by the large difference of river
to groundwater infiltration if the river in the 2D cross-section is located in the clay
deposit, whereas in the 3D deposit infiltration elsewhere will partly cover this. The
importance of Ksat for simple – complex differences is closely related to the over-
estimation of pressure heads in the simple schematization where the clayey residual
channel can be found in the complex scenario. Despite that most large differences
are located directly next to a geological transition (Figure 5.10), the distance to the
nearest geological transition (Dedge) and the angle to that transition (αedge) only
have a minor importance in our regression tree. This is likely related to the fact
that although most pressure head differences are close to geological transitions, only
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Figure 5.10 Feature importance of several subsurface architecture parameters for ground-
water difference between the selected scenario and the complex 3D scenario.

geological transitions correlated with large changes in saturated conductivity (for ex-
ample channel belt to floodplain, but not channel belt to abandoned channel) result
in a large pressure head difference.

5.5.2 Slope stability differences related to groundwater head differences
We compared the slope stability and groundwater conditions in terms of their real
values (for the complex 3D scenario) and in terms of the differences of these properties
with that scenario (for the simple 3D, complex 2D, and simple 2D scenarios). The
groundwater conditions are analyzed by means of the phreatic level and the pressure
heads in the subsurface (at an elevation of -1 m, top of the SCB).

The pressure heads in the subsurface have a near-linear relation with dike slope
stability in the complex 3D scenario (Figure 5.11). In the complex 3D scenario, two
parallel relations exist for subsurface pressure head level versus F . The shift on the
x-axis is related to the subsurface material, where in sandy material (right line) higher
groundwater levels result in similar safety factors as in the clayey deposits (left line).
A similar pattern is seen with the simple 3D to complex 3D differences, with a second
group of scatter points on a positive groundwater difference related to clayey deposits.
However, in the complex 2D and simple 2D scenarios a step in the relation between
pressure head difference and differences in dike safety factors is observed towards lower
pressure head differences. This step is related to the very limited river-to-groundwater
infiltration in some 2D model runs, but it remains unclear why this leads to a break in
the linear relation between groundwater head difference and F difference. Overall, the
near linear relations between subsurface pressure head differences and F differences
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Figure 5.11 Correlation between groundwater conditions and safety factor F for the complex
3D scenario, and the correlation between the difference of groundwater conditions and safety
factor F given different subsurface or model scenarios.

are similar over all scenarios and have a slope -0.34 ± 0.07, i.e. for every meter
increase of pressure head difference the safety factor F difference decreases by 0.34.

Although the phreatic levels in the dike also seem to behave near-linear relation
with dike slope stability in the complex 3D scenario (Figure 5.11), no near-linear
pattern is observed in the phreatic level differences related to the dike slope stability
differences in other scenarios. This indicates a smaller dependence of dike slope
stability on phreatic levels than on the subsurface pressure head, which is reflected in
the correlation coefficient (r2) of the phreatic level differences, which is much smaller
(r2 0.57) than that of the subsurface pressure heads (r2 0.92) (Figure 5.11). As
already shown before (Figure 5.9), the small range for the simple 3D indicates very
similar results as the reference complex 3D case. For the 2D schematizations, changes
are substantial.

5.5.3 Implications for dike safety predictions
Groundwater conditions are one of the main drivers for dike (slope) instability (van
Woerkom et al., 2023) and given known subsurface material characteristics the re-
lation between subsurface pressure heads and dike slope stability can be considered
as linear (section 5.5.2). Thus, an improved estimation of groundwater conditions
directly leads to improved dike slope safety assessments. Where an overestimation
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of pressure heads leads to underestimation of dike safety, new dike reinforcements
are most likely over-dimensioned, i.e. made larger and more expensive than needed.
This is undesirable, but less critical than an overestimation of dike safety due to
too low predicted groundwater pressure heads. Deploying a 2D groundwater model
for dike safety assessments thus may locally lead to considerable underestimation of
groundwater pressure heads (Figure 5.8) and, hence, overestimating dike slope sta-
bility (Figure 5.9). On the other hand, a simpler geological schematization hardly
results in too low pressure head estimates, but instead yields much higher pressure
heads where impermeable deposits are missing. Based on this rationale, using a 2D
groundwater model poses a larger potential risk of inaccurate dike safety estimates
than using a simplified subsurface geology.

However, in our workflow, the simple schematization deviates from the complex
schematization by not including several lower permeability units. In case the non-
mapped units would have a high permeability, these units might have high negative
pressure head differences compared to the complex situation, resulting in an over-
estimation of dike slope safety. Thus, the argument of a larger potential risk of
2D groundwater models assumes that a not complete, hence more simple, geological
schematization often overlooks low permeability units. Often, sandy deposits in a
delta are related to larger scale channel belts, which are not easily overlooked. Still,
special attention should be paid to crevasse splay deposits (which form when sandy
sediment is deposited on a floodplain when there is a breach in the river’s natural or
artificial levees). These deposits, when embedded within flood basin clay often have
similar dimensions as residual channel deposits (Stouthamer, 2001).

To emphasize the need for 3D groundwater modeling, we assume that a maxi-
mum absolute error for F of 0.1 (dF ) when simplifying either the groundwater model
dimension or the subsurface schematization is still reasonably accurate, given for ex-
ample uncertainty in material characteristics and associated model parameters that
are not considered here (van der Krogt et al., 2019). Given the linear relation (with
a slope of -0.34) between pressure head difference and dike slope F difference, a max-
imum absolute pressure head difference of 0.1

0.34 = 0.29 m is acceptable. In the simple
2D 41% and in the complex 2D 40% of the maximum pressure head differences are
above the threshold of 0.29 m, and only 21% in the simple 3D scenario. However,
within the channel belt extent these percentages increase to 61%, 61% and 43% for
the simple 2D, complex 2D and simple 3D scenarios respectively. The similar values
for the simple 2D and complex 2D scenarios are caused by relatively identical pat-
terns of groundwater differences that arise due to the 2D model simplification. In
addition, respectively, 81%, 84% and 95% of the pressure head differences above the
threshold occur within 100 m of a geological boundary. However, due to limited field
data, the position of these boundaries can often not be determined with less than 100
m accuracy. Therefore, we recommend using 3D groundwater models for dike slope
stability assessments wherever local differences in geology and subsurface saturated
conductivity can be expected, especially in sandy deposits.
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5.5.4 Suggestions for model improvements and future research
2D groundwater simulations mostly seem to underestimate pressure heads, and thus
overestimate dike slope stability. Therefore, 3D groundwater models are preferred over
2D simulations, but 3D models are computationally much more expensive in terms
of memory usage and computation time, and this is not always possible. However, as
they decrease the likelihood of underestimating the dike safety, future research should
focus on how to restrain computational burden while retaining model accuracy, for
example by looking at the minimum model extent, maximum transient time-step and
maximum cell size resulting in accurate model results.

Furthermore, changes in subsurface architecture schematization have a large local
effect on the pressure head calculations. In line with that, we expect local changes
in material characteristics to have a similar effect, but each architectural unit in our
analysis is homogeneous. For example, we know for the Stuivenberg study area that
throughout the channel belt scroll bar deposits have significant internal variation in
terms of local grain size differences or vertical trends in grain sizes. In addition, rela-
tively coarse patches can be found on the inside of the abandoned channel meanders
(Winkels et al., 2022). These grain size differences are likely to alter the permeabil-
ity of the deposits, but it is unclear to what extent they will change the simulated
groundwater conditions. Thus, the current analysis could be expanded by adding
local heterogeneity to the saturated conductivity.

Overall, to up-scale the results of this study to the entire Rhine-Meuse delta we
should consider regional variability in channel belt architecture and meander dynamics
(Winkels et al., 2022; Stouthamer et al., 2011). In short two channel belt types occur.
First, there are lower delta channel belts, which were active for a short (800 to 1200
years (Stouthamer, 2001)) period and are generally narrow channel belts, such as
the SCB. Second, there are upper delta channel belts, which were active for a longer
period of time and actively migrated in their floodplain, thereby reworking their own
extensive sandy deposits and for example creating oxbow lakes. Despite the fact that
these upper delta channel belts will have similar variation in permeability as lower
delta channel belts, they often contain more complicated architectures (Hesselink
et al., 2003) that might have unexpected implications for groundwater flow patterns.

Independent of the detail in groundwater model dimension and subsurface schema-
tization, the presented results are a result of our selected model workflow. This work-
flow schematizes the river and dike as straight lines, with a fixed floodplain width
between the river channel and the dike. Despite that we are confident that repo-
sitioning the river over the model domain with the meandering channel belt in the
subsurface results in a large range of orientations of the river to the channel belt,
this does not include an actual meandering river channel. For example, a dike on the
inner side of a river meander might be subject to more extreme groundwater pres-
sure heads than found in our analysis (Wösten et al., 2001). In addition, a change
in floodplain width results in a smaller response time of pressure heads underneath
the dike, also possibly leading to more extreme pressure heads, and the corresponding
larger underestimates when a 2D groundwater model is used. Despite that the current
analysis can thus be expanded, we do not expect significant differences to occur in the

Groundwater Model Simplifications 111



5

observed patterns if 2D rather than 3D groundwater models are used in a complex
and heterogeneous delta setting.

5.6 Conclusion

In this work, we performed a combined transient analysis on the influence of model
dimensionality and complexity of subsurface schematization on pressure head esti-
mations was carried out. This analysis evaluated the consequences for dike stability
assessments. While a simpler subsurface schematization locally resulted in larger dif-
ferences in terms of the pressure head, it was found that the use of 2D groundwater
models had far stronger implications in terms of the simulated pressure head and the
associated dike slope safety. In particular we find that:

• pressure heads in sandy river channel deposits are strongly influenced by river-
to-groundwater infiltration, which can be hampered by low permeabilities di-
rectly bordering the river;

• using 2D groundwater models can result in large differences in pressure heads
found with 3D models in case of a heterogeneous subsurface. Large underesti-
mates of pressure heads compared to 3D groundwater models occur where river
to groundwater infiltration is limited in the 2D model but flow perpendicular
to the 2D cross-section level out this deficit in reality (as represented in the
3D model). Large overestimates occur using a 2D model if groundwater is im-
pounded against impermeable geological units, whereas the flow is able to be
deflected in the 3D model;

• using a simplified geological schematization can result in large head differences
compared to a full heterogeneous model schematization, but these occur mostly
at the locations where the subsurface shows large contrasts. In our simplifi-
cation, ignoring small, less permeable geological units, groundwater pressure
heads are mostly overestimated;

• the described differences are most prominent in sandy deposits as their high
permeability enables a fast response to rising and falling river water levels;

• hydraulic heads (and thus pore pressures) in the subsurface have a direct linear
relation to dike slope stability safety factors, resulting in large differences in
dike slope stability assessments between the different model configurations;

• when used for dike slope safety assessments, using 2D groundwater models is
found to be possibly dangerous, as these models tend to underestimate ground-
water pressure heads and thus overestimate dike safety. This is especially the
case if a permeable deposit is connected to the river channel but this connection
is not present in the 2D cross-section. The corresponding overestimation of dike
safety might lead to insufficient reinforcements and higher risks of dike failure.
This effect can be severe, in our assessment 61% of the area within the sandy
channel belt was underestimated and the effect was more pronounced towards
the edges of the channel belt;
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• on the basis of this evidence, we recommend that 3D groundwater modelling is
used as a basis to assess dike stability and attention is given to a proper schema-
tization of the subsurface in relation to the dike position and river orientation
during a high water event.
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The main objective of this study was to assess and quantify the contribution
of various parameters to uncertainty in dike failure probabilities resulting
from variability in groundwater conditions in a delta setting. Several of these
parameters were investigated individually and found to be partly responsible for the
uncertainty in groundwater conditions and dike failure probabilities. In this synthesis,
I will summarize these findings and assess their relative influence. In addition, I will
elaborate on the implications of these findings for flood risk management and provide
recommendations for further research.

6.1 Research questions and main conclusions

In the preceding chapters, I consecutively looked at the importance of subsurface
lithology and geometry, variable flood wave shapes, a heterogeneous dike interior, and
3D geological architecture for dike stability, and their contribution to uncertainty in
dike failure probabilities and are summarized here with respect to the slope stability
of the dike.

Which subsurface and geometrical properties influence dike stability estimates the most
under steady-state conditions?
Dike stability is most sensitive to the steepness of the dike slope, closely followed by
the dike material. These parameters have a dual influence; they have a direct effect
on slope stability through the downslope component of the potentially unstable mass
and the shear resistance that can be mobilized along the slip plane; and they have
an indirect effect by altering the local pressure head conditions through the perme-
ability and porosity. Other parameters have a more limited influence; for example
groundwater drainage to nearby ditches only affects dike slope stability if the ditches
are close to the dike. Finally, some parameters have a negligible influence on dike
slope stability, such as the dike crest width and the thickness of sandy deposits at
deeper depths underneath the dike. The uppermost subsurface material has a very
specific influence, as it is of main importance for dissipating high pressure heads in
the dike. As geometric parameters, such as drainage location and dike slope, can be
more precisely determined, the dike material type and the first subsurface material
type are a larger source of uncertainty in high-resolution groundwater modelling for
estimating dike slope stability.

What is the influence of flood wave shapes on probabilistic dike slope stability under
transient groundwater conditions?
Including the variability of flood wave shapes in a time-dependent analysis of both
groundwater flow and dike slope stability results in a more realistic failure probability
than analyses under steady-state groundwater conditions. Moreover, when compared
to using a single design flood wave, considering multiple variable flood wave shapes
leads to a higher failure probability, as the combined failure probability of multiple
flood waves is more strongly influenced by the most adverse flood wave shapes. Over-
all, flood wave shape uncertainty can be as much an important source of uncertainty

116 Synthesis



6

for dike slope stability as material properties, especially in case of extreme water
levels. The transient analysis of pressure head conditions given variable flood wave
shapes reveals a delay in the lowest dike slope stability of at least 2.5 days after the
peak water level, which suggests that the highest dike slope failure probability occurs
after the peak water level passed. The most important flood wave shape parame-
ters for dike slope stability are respectively a prolonged high water level and a large
decrease in water levels after the peak for inner and outer slope stability.

How can we incorporate the heterogeneous dike interior?
We can incorporate dike interior heterogeneity by using data from archaeological
cross-sections of historical dikes. These data can create, when incorporated in a newly
developed object-based and process-based model simulating dike construction history,
multiple scenarios of dike interior heterogeneity. The Dike Erection Tessellation us-
ing Regionally Inherited Statistics (DETRIS) method simulates similar patterns of
heterogeneity as observed in real dikes and provides a more comprehensive way of
incorporating heterogeneity than arbitrary expert-based estimates. The dike interior
heterogeneity can be incorporated even more accurately when local statistics of dike
buildup or ground truth data (e.g. from core penetration tests) are available. As
such, it produces a data-based approximation of the uncertainty in dike failure risk
as a function of dike heterogeneity and groundwater conditions, which results in a
better informed assessment of dike slope stability.

To what extent do the downgraded information from 2D groundwater simulations and
simplified geological schematizations bias the results of a hydrological model and stability
assessment?
Often 2D groundwater simulations are deemed sufficiently accurate for dike stability
analyses in case of a relatively homogeneous subsurface or at large distances from
geological boundaries. However, when a complex subsurface architecture is present,
2D groundwater models can result in large differences in pressure heads when com-
pared to a 3D model with a more complex geological architecture. We found that
a more complex geological schematization mostly results in local changes in ground-
water conditions at the specific location of the increased complexity. However, 2D
modelling can severely underestimate groundwater pressure heads if the river channel
is connected to a permeable deposit but this connection is not present in the 2D cross-
section. In addition, an overestimation of pressure heads occurs if the river channel
is connected to the permeable deposit but a nearby transition to an impermeable de-
posit is not parallel to the river orientation. Since these differences between 2D and
3D models have large impacts on estimated safety factors it is advisable to always use
3D models when hydrogeological heterogeneity is present.
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Table 6.1 Values for hydrological and geomechanical parameters given the material texture.
Note that the dike, cover layer and subsurface scenario consist of different material textures
in different model runs.

Material textures Ksat (md−1) ϕ (o) c′ (kPa) γ (kNm−3) γsat (kNm−3)

Clay 0.01 17.5 5.0 17.0 17.0
Clay Loam 0.05 30.0 1.0 20.0 20.0
Sandy Loam 0.26 30.0 0.0 18.5 20.5
Sand 5.75 32.5 0.0 18.0 20.0
Peat 0.10 15.0 3.75 12.5 12.5

6.2 Relative importance of parameters influencing groundwater
induced dike slope instability

The various parameters and processes that influence dike slope stability by altering
groundwater conditions are separately discussed throughout this thesis, but not yet
combined. To assess the relative contribution of each of those parameters on ground-
water induced dike slope instability, I selected the most important yet difficult to de-
termine parameters from each of the chapters and combined them in one exploratory
sensitivity analysis. Thus, I selected the material of the first subsurface layer (chap-
ter 2), the flood wave shape (chapter 3), the dike interior (chapter 4), the level of
detail in subsurface architecture (chapter 5) and the dimension of the groundwater
simulation model (chapter 5). These important parameters and schematizations were
used as variables, and their values were varied in a modelling chain consisting of a
groundwater model (MODFLOW) and dike slope stability model (D-stability).

6.2.1 Baseline scenario and variables for the sensitivity analysis
The baseline scenario for this analysis encompasses an area of 1600 m by 1600 m,
which in its center is intersected by a north-south oriented river channel (Figure 6.1).
The overall elevation of the area was set to 0 m, with exceptions for the river channel
and the dike. The river channel has the shape of an upside down trapezoid and is
6 m deep, has a flat base with a width of 100 m and slopes up with a 1:5 ratio to
the riverbank. On each side of the river a dike is located 100 meters from the river
bank. The dike has the shape of an upright trapezoid and is 5 m high, has a flat crest
with a width of 5 m and a slope at a 1:3 ratio. Relative to this baseline setup several
parameters were varied between predefined values in different scenarios.

First of all, the subsurface architecture has two schematizations with different
levels of detail and can thus take either the simple schematization or the complex
schematization. The subsurface architecture is hypothetical but heavily based on
characteristics of the Stuivenberg channel belt in the central Rhine-Meuse delta (Sec-
tion 5.2.1). The simple schematization consists of a sandy ’channel belt’ intersecting
a clay ’overbank deposit’. The complex schematization also includes a hypothetical
’abandoned channel’ and ’residual channel’. These deposits are characteristic of the
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Figure 6.1 Schematized overview of subsurface schematizations. Given the hypothetical
subsurface architecture, two subsurface scenarios are created: a simplified schematization
without the abandoned channel and residual channel (simple) and a complete schematization
including all geological units (complex). At the exemplary cross-section located a depth
transect is also shown. Note that the top view (left column) is actually a horizontal slice at
a depth of -1 m, above which a cover layer is found.
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Figure 6.2 The 10 dike buildup schematizations created by the DETRIS algorithm used in
the sensitivity analysis.

last phase of river activity in the channel belt and are sometimes overlooked in sub-
surface schematization due to their limited extent or the inability to identify their
position. In the subsurface schematization used, these deposits can be found between
1 and 7 meters depth. Below these deposits sandy material can be found. On top
of these deposits, the subsurface schematization has two additional scenarios (Figure
6.1): a homogeneous layer of either clay or sand is schematized.

Second, the dike buildup has 10 schematizations (Figure 6.2) created by the DE-
TRIS algorithm (section 4.2.2). These dike buildup schematizations were created
using the dike surface geometry described in the previous paragraph and the com-
bined ‘regional’ characteristics derived from all available historical archaeological dike
cross-section excavations. As such, the average occurrence of material textures and
layer geometry in the simulated schematizations mimics that of the observed dikes
(section 4.3.1, Figure 4.8).

Third, the groundwater conditions were forced with 10 different flood wave shapes
with a maximum water level at the dike crest (5 m). These flood wave shapes were
selected from the GRADE database (Hegnauer et al., 2014) using the method de-
scribed in (section 3.2.1, Figure 3.1). Given a set of 1000 flood wave shapes with
the same maximum water level, this method divides these flood waves into 10 sub-
sets. The subsets were created with k-means clustering, which aims at minimizing the
combined within-cluster variance given five flood wave shape parameters: H0, Apeak,
Atot, ∆Hds, Dsmax (Table 3.1, Figure 3.1, Section 3.2.1). From each subset, one flood
wave was randomly selected for this analysis, which is assumed to be representative
of its corresponding subset (Figure 6.3).

Last, the groundwater model dimension is either three-dimensional or two-dimensional.
In the 3D model, calculations are performed on the entire model domain. In the 2D
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Figure 6.3 The 10 flood wave shapes used in the sensitivity analysis. These flood waves
were selected from a total set of 1000 flood wave shapes in such a way that the total variation
in possible flood wave shapes is represented.

model, calculations are performed on a cross-section perpendicular to the river. In
total 10 2D models were created, each on a different y-coordinate of the model domain.

6.2.2 Model parameterization of groundwater and dike slope stability
The groundwater hydrology was simulated using MODFLOW 6 software (Langevin
et al., 2019), with the same setup and boundary conditions for 2D and 3D simulations.
The transient MODFLOW simulation was initiated with groundwater levels and river
water levels set at -1 m. The model runs with a temporal resolution of two hours and
stops 15 days after the maximum water level is reached (Figure 6.3). The vertical
resolution is 0.25 m in the dike and increases towards 2 m in the deepest subsurface
layer. The horizontal calculation grid also has a variable resolution created by the
GRIDGEN software (Lien et al., 2015). This software creates quadtree grids, which
in our model have a maximum resolution of 32 m and a minimum resolution of 0.5
meter in the dike. River-groundwater interaction is governed by the MODFLOW river
package and surface-seepage is governed by the MODFLOW drain package (Hughes
et al., 2017). Saturated conductivities (Ksat) are assigned to all material types based
on typical values (Table 6.1).

The dike slope stability was assessed on the inner (landward) slope of the dike
and expressed in terms of the safety factor F . It was always calculated on a 2D
cross-section at specific y-coordinates, but given the groundwater scenario the pore
pressure heads from either the 2D groundwater simulation or the 3D groundwater
simulation were used. The Uplift-Van limit equilibrium method (Van, 2001) was used
for slope stability calculations (see Appendix A.2) within in the D-Stability slope
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stability software (Deltares, 2019). Shear stresses are calculated with a C-Phi model,
of which the parameters cohesion (c′), friction angle (ϕ), material weight (γ) and
saturated material weight (γsat) have a characteristic value per material type (Table
6.1).

6.2.3 Sensitivity indices to analyze parameter importance
I used the Delta Moment-Independent measure (DMI) as sensitivity index (Bor-
gonovo, 2007). The DMI represents the non-overlapping area between the resulting
probability density function fY (y) given an unconditional input vector X, including
all parameter values, and a conditional input vector Xi, consisting of a subset of pa-
rameter values (section 2.2.4). It returns the measure δi, mathematically expressed
as:

δi =
1

2
EXi

[s(Xi)] (6.1)

with

EXi [s(Xi)] =

∫
fXi(xi)[

∫
|fY (y)− fY |Xi

(y)|dy]dxi (6.2)

6.2.4 Outcome of combined sensitivity analysis; parameter influence on
groundwater-related dike slope safety

Parameter influence on dike phreatic levels
The influence of the variables in the sensitivity analysis on the uncertainty in ground-
water conditions was first assessed for the phreatic level at the center of the dike
(Figure 6.4). The phreatic level is most influenced by the uncertainty of the dike
interior, which is of course expected to be the factor most directly influencing the
seepage inside the dike. Especially the presence of low permeability units that ham-
per infiltration or the presence of high permeability units near the riverward side of
the dike that increase the infiltration length seems to be important. Additionally, the
flood wave shape and material of the first subsurface layer have a substantial influ-
ence on the phreatic level. The influence of the first subsurface layer on the phreatic
level is less widely acknowledged, although an increase in permeability both enables
seepage from the aquifer towards the dike given high water levels in the river and
enables a more rapid decrease of the phreatic level in the dike when river water levels
drop. Finally, the level of detail in subsurface architecture and groundwater model
dimension hardly have an influence on the phreatic level.

Parameter influence on subsurface groundwater heads
The influence of the variables on the uncertainty in groundwater conditions is sec-
ondly assessed on the pressure heads at a depth of 1.5 meters underneath the inner
(landward) toe of the dike. The pressure heads are most sensitive to the material
of the first subsurface layer; a more permeable material enables infiltration into the
underlying sandy aquifer not only in the river channel, but also on top of the (silty or
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Figure 6.4 Sensitivity of groundwater conditions and inner (i.e., landward) dike slope safety
factor (F ) to the different subjects studied in this thesis. Note that the sum of all δi values
is greater than unity, indicating dependency and interactions between parameters.

sandy) floodplain (Figure 6.4). As such, the distance between the dike and a direct
infiltration point is much shorter and pressure heads underneath the dike are higher
than in case of a clayey floodplain cover layer. In addition, the flood wave shape
and groundwater model dimension have a significant impact on the pressure heads.
Both of these variables influence the groundwater flow patterns in the subsurface, by
either causing different temporal patterns of river-to-groundwater infiltration due to
various flood wave shapes or, for example, by inhibiting infiltration into this aquifer
in the 2D model cross-section while in a 3D situation the river channel is connected to
this aquifer. The level of detail in subsurface architecture has little influence on the
subsurface pressure heads, which is in line with the large (but very local) influence
on the groundwater conditions observed in chapter 5. Finally, the sensitivity to the
dike interior is limited, acknowledging that groundwater flow through the dike to the
subsurface is of little importance for the occurrence of the maximum pressure heads
below the surface.

Parameter influence on dike slope stability
The influence of the variables in the sensitivity analysis on the uncertainty in dike
slope stability was assessed for the safety factor F for inner (landward) slope stability.
There is no clear parameter to which the safety factor is most sensitive, contrary
to the effect of the parameters on the groundwater conditions (Figure 6.4). This
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again emphasizes the complex processes related to dike slope stability, being directly
influenced by the geomechanical soil properties and indirectly by the hydrological
soil properties due to groundwater flow. In that regard, the flood wave shape and
groundwater model dimension only influence the dike slope safety by altering the
groundwater pressure heads. Additionally, the dike interior and the material of the
subsurface layer also directly influence the geomechanical soil properties important
for the dike slope safety. Only the level of detail in subsurface architecture seems to
play a minor role in accurately estimating the safety factor F .

6.3 Advances in dealing with uncertainties related to groundwater
conditions for dike slope safety

This thesis demonstrates and quantifies the contribution of various parameters and
drivers to uncertain dike failure probabilities caused by variability in groundwater
conditions in a delta setting. In this light, I recall the various levels of uncertainty
regressing from ‘know’ to ‘no-know’ (Walker et al., 2003): determinism, statistical
uncertainty, scenario uncertainty, recognized ignorance, and total ignorance. First,
I found that the main parameters that are non-deterministic are the material types
(which are subject to scenario uncertainty), with more complex interactions between
the type of dike material and the subsurface material. This study increased our
knowledge of these interactions, thus decreasing the recognized ignorance. Second, I
concluded that the uncertainty in flood wave shape can be as important as the un-
certainty in geotechnical material parameters for the final uncertainty in dike slope
stability. The initial scenario uncertainty in flood wave shapes can be incorporated
in the dike slope safety assessment in a statistical manner with a newly developed
method. Third, I found that dike buildup uncertainty contributes substantially to
dike slope stability uncertainty. Currently, the dike material is assumed to be homo-
geneous, and the material uncertainty is captured in probability density functions,
but I have developed a new realistic method to simulate layers of different material
types with representative geomechanical parameters. This is especially important for
accurately simulating the phreatic groundwater conditions in the dike (Figure 6.4).
Thereby, I decreased the statistical uncertainty by developing a more comprehensive
way of incorporating uncertainty in dike buildup heterogeneity and characteristics.
Fourth, I found that 2D groundwater models or groundwater models based on a
simplified geological schematization can cause large differences in the estimated dike
safety when compared to more realistic 3D groundwater models. Although more re-
search is needed to set specific guidelines on this matter, this investigation has made
some essential first steps in moving this issue from recognized ignorance to determin-
ism, as using a 3D groundwater model improves the model results and thus decreases
the uncertainty. Finally, when all of these factors are combined, we can observe that
multiple parameters contribute to the uncertainty in dike stability due to the variabil-
ity in groundwater conditions in a delta setting. Whereas the material in the dike and
upper subsurface seem to have the largest influence (by small margins), all of them
need to be considered in an integrated manner to accurately estimate the uncertainty
caused by groundwater conditions.
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6.4 Future groundwater conditions for dike slope stability and
flood safety

This research focused mainly on understanding interactions and qualifying uncertain-
ties between river water levels, subsurface characteristics, groundwater flow and dike
slope stability. These interactions and uncertainties are valid for the current situa-
tion but might change towards the future when climate change may lead to situations
unseen in the present and recent history. First of all, extreme river water levels (and
thus also the pressure heads in and below dikes) are likely to increase, which - with-
out adaptation measures applied - would be followed by a projected increase in direct
flood damages of by 1.4 to 2 times at 2oC and 2.5 to 3.9 times at 3oC compared to
1.5oC global warming (IPCC, 2022). The river dike network thus needs to be exten-
sively reinforced towards the future, but the effects of higher river water levels on dike
stability in the future can be relatively well captured by models, especially when tak-
ing groundwater conditions into account in more detail. At global warming of 4oC on
the other hand, not only extremely high river flows but also extremely low river flows
are projected to occur globally (IPCC, 2022), also causing periods of extremely low
groundwater levels in and below river dikes. From 2050 onwards, the Rhine-Meuse
delta might experience an increase in severe streamflow deficits of 20 to 50% (Forzieri
et al., 2014). These prolonged periods of low groundwater levels may eventually alter
the behavior of the dike due to irreversible shrinkage of clay and peat and the forma-
tion of fissures, which could affect its ability to withstand future extreme high flows.
To understand the local occurrence probability of drought shrinkage, the developed
DETRIS algorithm might provide suitable information on the dike buildup material.
Thus future challenges for managing groundwater conditions and safety of river dikes
do not only include reinforcing dikes for extreme high flows, but also preventing the
deterioration of these dikes during extremely dry conditions.

6.5 Towards a better incorporation of uncertainty in groundwater
conditions in dike safety practice

Given the possibly more extreme discharge conditions in the future, increasing knowl-
edge on processes related to flood safety and the implementation of this knowledge
is expected to lead to a more robust safety assessment. Since the transition to safety
standards in terms of acceptable probabilities of flooding, many parameters related
to dike slope stability are now being assessed in a probabilistic manner. The uncer-
tainty related to these parameters, most strikingly geotechnical material properties
such as angle of internal friction or shear strength increase exponent, is thus consid-
ered (Huber et al., 2017). In addition, uncertainty in geological architecture is taken
into account as 1D scenarios over depth (Hijma and Lam, 2015). On the other hand,
groundwater conditions are often deterministically schematized or assessed for two
extreme (high and low) design scenarios given a baseline subsurface buildup (TAW,
2004). The concepts and knowledge explicated in this thesis can significantly refine
these approximations, but they currently require extensive knowledge of the processes
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Preliminary assessment: 
Look up dike slope stability 
from a-priori database 
given dike characteristics 
(Chapter 2). Database 
available (section 6.6.4).

Clearly safe dike: 
Hurray!

Dike is not clearly safe but 
also clearly unsafe: 
Extended analysis!

Include a heterogeneous 
dike in the stability 
assessment (Chapter 3). 
Example algorithm 
available (section 6.6.4).

Use transient groundwater 
conditions when 
calculating dike slope 
safety (Chapter 4).

Take special care for 
mapping impermeable 
units when undertaking 
additional soil surveys 
(Chapter 5).

Clearly unsafe: Reinforce!

Figure 6.5 Suggested workflow for implementing the algorithms and results described in
this thesis.

and modelling algorithms. This section provides several suggestions for making them
more operable and easily utilizable in dike safety assessments.

When assessing dike safety, first a preliminary assessment is made using a rough
approximation of all parameters involved (Figure 6.5); if this preliminary assess-
ment indicates a more than sufficiently safe dike, no detailed assessment needs to
be performed. Currently such a preliminary assessment is solely based on geometri-
cal parameters of the dike surface and subsurface layers. However, a preconstructed
database of dike slope safety factors derived from a Monte-Carlo analysis (chapter
2) including dike geometry, subsurface geometry, material parameters and a physics-
based groundwater model is found to also provide a quick a-priori analysis of the dike
stability. As shown in Figure 6.4, the material properties of the shallow subsurface
should definitely be incorporated into such a database. With even more processes and
parameters included, such a database could already provide a more detailed overview
of sufficiently safe dikes.

In case this assessment points to a dike of which the strength is near the minimum
safety standard a detailed analysis needs to be performed to indicate whether or not
it meets the required protection level (Figure 6.5). In case of an insufficiently safe
dike, a detailed analysis can indicate the necessary reinforcements needed to reach the
required safety standard. Before the detailed analysis, often additional soil surveys
are performed to make more accurate subsurface schematizations. Our research on
the effect of complexity in geological architecture on groundwater conditions (chapter
5) indicates that special care should be taken to map impermeable units, especially
when they are likely to hamper river-to-groundwater infiltration.
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In such a detailed analysis schematizations of groundwater conditions should be
(based on) transient groundwater conditions instead of steady-state conditions, as
steady-state conditions are prone to underestimating dike slope stability (chapter 3).
The transient groundwater conditions can be simulated using a single design discharge
wave, such as taking the vertical average of multiple waveforms, but ideally multiple
flood wave shape scenarios are considered. In order to simplify this approach, a
designated flood wave shape can be selected, taking into account a certain uncertainty
margin, and ensuring it accurately reflects the uncertainty in groundwater conditions
arising from the variability in flood wave shape.

In addition, a detailed analysis should include dike buildup heterogeneity, as it is
crucial to accurately assess the phreatic groundwater level in the dike (Figure 6.4).
However, currently applied model schemes assume a homogeneous dike. The DETRIS
algorithm produces a data-based approximation of the uncertainty in dike failure risk
as a function of dike heterogeneity and groundwater conditions, and it allows for in-
corporating local information from e.g. a few cores or CTPs (cone penetration tests)
to reduce uncertainty (chapter 4). Groundwater simulation results with DETRIS-
built dikes indicate that the location and extent of highly permeable units in the
dike have a large effect on the phreatic level and it is therefore questionable to what
extent the influence of dike buildup can be captured in a purely statistical manner.
As calculating multiple dike buildup scenarios for every dike section would produce
the most reliable results but is practically less desirable, I would recommend develop-
ing multiple dike heterogeneity scenarios. In a similar way the subsurface scenarios
are used (Hijma and Lam, 2015), these can be compared to local statistics, ground
truth data, or knowledge of dike construction history. The feasible dike heterogeneity
scenarios can subsequently be used to determine groundwater conditions.

Whether or not the previously mentioned aspects are considered, guidelines should
be proposed on the appropriate method for estimating groundwater conditions. In
case of a very homogenous subsurface, when looking in the expected direction of
groundwater flow, the current 2D and steady-state analytical approximation (TAW,
2001) might be adequate. In other situations, at least a physics-based groundwater
model is required to model the transient (time-dependent) response of groundwater
conditions on river water levels. Moreover, especially in case of horizontally nearby
geological boundaries, a 3D groundwater model should be created to accurately assess
the groundwater pressure heads. The conditions in which any of these methods should
be applied are roughly known but should be stated more clearly in succinct guidelines.

6.6 Research recommendations

The research presented in this thesis helped to increase the understanding of processes
influencing groundwater conditions related to dike slope stability, thereby decreasing
the uncertainty related to these processes. Therefore, it provides useful insights that
can improve the current approximations for groundwater conditions. However, not all
required parameters have miraculously become perfectly determinable, thus dealing
with uncertainty will always be part of estimating groundwater conditions for dike
slope stability. Hence, I recommend several subjects that need additional work, either
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to further decrease the remaining uncertainty or to provide further handles on how
to deal with this remaining uncertainty.

6.6.1 River dike data incorporation and derivation
To further decrease the uncertainty in groundwater conditions for dike slope stability,
further research is recommended on understanding the processes that occur or have
occurred inside the dike. First, data on dike cross-sections is sparse, thus our notion of
dike heterogeneity is mostly based on point observations. To improve our knowledge
of what the interior of a dike looks like, and to further include this knowledge in dike
reinforcement practice, I would encourage any cooperation between specialists in the
fields of dike safety and dike history, as they proved to be much more intertwined
than previously thought. This can increase the spatial density of high-quality data on
dike buildup material and ages of dike erection phases and decrease the uncertainty
on dike heterogeneity in river dikes.

Less destructive ways of decreasing the uncertainty of groundwater conditions in
river dikes are by either directly monitoring groundwater conditions or by performing
borehole drillings or cone penetration tests. With the former, a time-dependent re-
sponse is observed that can be used to calibrate a groundwater model (White et al.,
2020) and as such it has predicting capacities over a larger area beyond the observa-
tion point. With the latter, probabilistic information on soil texture and geotechnical
parameters are frequently derived (van der Krogt et al., 2019) and in recent years
permeability estimations from combined cone penetration test and groundwater mea-
surements are more widely used (McCall and Christy, 2020). However, these methods
are often only used to approximate average values over larger depth ranges, not fully
capturing the realistic heterogeneity within river dikes. The development of novel
methods for saturated conductivity estimations from geophysical techniques would
greatly improve schematizations of groundwater conditions inside the dike body.

6.6.2 Small-scale heterogeneity in subsurface properties and efficient
groundwater modelling

The research in this thesis includes various geometries and parameterizations of ge-
ological units, but generally (except for chapter 4 on dike interior simulation) uses
a homogeneous parameterization over larger spatial domains. However geotechnical
and hydrological parameters are known to vary substantially within these geological
units as well. A dike failure slip plane tends to be attracted to weaker zones, but the
influence of weak zones is typically small compared to other sources of uncertainty,
allowing for the use of layer-average estimations of geotechnical properties (van der
Krogt, 2022). For groundwater conditions, the scale of the considered problem mat-
ters: large-scale problems can be sufficiently parameterized by average properties, but
small-scale problems require the inclusion of local heterogeneity (de Marsily et al.,
2005). Other groundwater-related dike failure mechanisms (such as piping) are known
to be influenced by this local heterogeneity (Dirkx et al., 2020), but for dike slope
stability, this has remained relatively unattended and requires further study. Further
research on the required scale of heterogeneity to accurately assess groundwater con-
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ditions for dike slope stability is therefore needed. However, to capture the effect of
subsurface heterogeneity, it is probably required to use 3D groundwater models and
increase the spatial resolution of those models. This might lead to infeasible calcula-
tion times or memory usage, but further research on effective parallel computing for
these small-scale hydrological problems might overcome this problem (Verkaik et al.,
2021).

6.6.3 Timing of dike failure and residual strength
A time-dependent analysis of dike slope stability indicated that the highest probability
for dike slope failure occurs several days after the maximum water level, which is
self-evident for outer (riverward) slope failure but less so for inner (landward) slope
failure. As water levels may have dropped substantially by that time and are likely to
decrease further in the days after failure, this has a large influence on the development
of the dike breach and the probability of extensive flooding in the area behind the
dike. Thus, we would argue to reconsider the effect of a dike slope failure on flood
probability, also in relation to other stability-related features of the dike, such as the
presence of an erosion-resistant core or small sand lenses in the dike. The effect of
these features can be assessed using DETRIS as well. They are important as a source
of residual strength after dike slope failure and have a major influence on the intrusion
length of pore pressures. I have already found that the flood wave shape has a large
effect on dike slope safety. Additionally, since a dike with a slope failure is vulnerable
to fast re-occurring high water levels, we recommend analyzing the return times of
high river water levels shortly after a possible dike failure. Finally, the evolution of
pore pressures and soil behavior during deformation could also influence the residual
strength of the dike.

Long term changes in dike reliability
From a methodological point of view, the effect of collecting data on changing dike
strength properties for long-term dike safety assessments is now being covered (Klerk
et al., 2019). However, the processes that change the dike strength are still poorly un-
derstood. More precisely, understanding the timing and rate at which soil properties
change is important for estimating future dike safety. In terms of long-term processes
such as soil formation and weathering, DETRIS can link the composition of a par-
ticular layer and its properties to material and age. Additionally, compaction of the
layers can change the dike buildup geometry and material properties. This, in turn,
may alter the behavior of the dike during prolonged periods of drought due to irre-
versible shrinkage of clay and peat and the formation of fissures. These changes could
affect the dike’s ability to withstand high water levels that follow, thus introducing
hysteresis.

6.6.4 Script and data availability
Database global sensitivity analysis dike parameters and safety factor
A global sensitivity analysis of dike stability under adverse loading is performed using
a coupled hydro-stability model to indicate relations between the geometry, material
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characteristics, groundwater hydrology and stability for three different failure pro-
cesses (van Woerkom et al., 2021). The database created by this extensive Monte
Carlo analysis contains parameter combinations and the corresponding safety factor
F . The datasets are CSV files containing parameter values and their resulting safety
factor (F ) given a certain macro-stability related failure mechanism and are stored
online (van Woerkom, 2020).

DETRIS; Dike Erection Tessellation using Regionally Inherited Statistics
The DETRIS algorithm is an object-based and process-based model simulating dike
construction history on archaeological dike cross, yielding similar patterns of hetero-
geneity as observed in real dikes, and applying it in a dike safety assessment. The
DETRIS code (in the Python programming language) and example input datasets
(consisting of CSV-files) can be downloaded from https://github.com/TvWoerkom/

Detris.
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A Supplements to Chapter 4

A.1 Used sources containing dike cross-sections (in Dutch)

Location Name Source

Pernis, Oud Pernis Jacobs, E. (2000): Pernis, een doorsnede van de dijk van de polder
’Oud-Pernis’ (11-76). DANS. https://doi.org/10.17026/dans-zrj-gh2m
(11-76).

Kampen, N50 Ramspol ADC Archeoprojecten; Ridder, J.A.A. de ; (2010): Kampen N50
Proefsleuvenonderzoek. DANS. https://doi.org/10.17026/dans-xnt-fsfk

Spijkenisse, Schenkeldijk Burnier, C.Y.; (2003): Spijkenisse Schenkeldijk. DANS.
https://doi.org/10.17026/dans-xyt-z4av

Vianen, Diefdijk Genabeek, R.J.M. van; Schorn, E.A.; (2004): Project Verbreding A2:
tracebegeleiding Diefdijk. DANS.
https://doi.org/10.17026/dans-zdv-586d

Reitdiep, Kanaaldijken Huis in t Veld, J.Y.; (2011): De dijken van het Reitdiep. Een
archeologisch onderzoek bij een nieuwe fietsbrug over het Reitdiep te
Groningen (GR). DANS. https://doi.org/10.17026/dans-zxr-astj

Breda, Buitendijks
Slangwijk

Nollen, J.; Jonge, L. de; Gemeente Breda; (2010): Breda Buitendijks
Slangwijk. DANS. https://doi.org/10.17026/dans-z82-d8jf

Angeren, Rijndijk Mulder, J.R., P.F.J. Franzen, L.J. Keunen en A.J.M. Zwart, (2003): In
de ban van de Betuwse dijken. Deel 4 Angeren. Een bodemkundig,
archeologisch en historisch onderzoek naar de opbouw en ouderdom van
de Rijndijk te Angeren (Over-Betuwe). Wageningen, Alterra.

Malburgen, Rijndijk Mulder, J.R., L.J. Keunen en A.J.M. Zwart (2004): In de ban van de
Betuwse dijken.Deel 5. Malburgen. Een bodemkundig, archeologisch en
historisch onderzoek naar de opbouw en ouderdom van de Rijndijk te
Malburgen/Bakenhof, Arnhem. Wageningen, Alterra.

Opheusden, Rijndijk Mulder, J.R., P.F.J. Franzen, (2006): In de ban van de Betuwse dijken.
Deel 6 Opheusden. Een bodemkundig, archeologisch en historisch
onderzoek naar de opbouw en ouderdom van de Rijndijk te Opheusden
(Neder-Betuwe). Wageningen, Alterra.

Vlaardingen,
Maassluissedijk

Louwe, drs E. (Vestigia); Pierik, MSc H.J. (Vestigia); Flamman, drs J.P.
(Vestigia) (2013): Dijkdoorgraving Maassluissedijk in het kader van de
realisatie van de Doorverbinding Vettenoord - Centrum Westwijk te
Vlaardingen; Een archeologische begeleiding (protocol opgraven) van de
graafwerkzaamheden. DANS. https://doi.org/10.17026/dans-2x5-feem

Bunschoten, Westdijk van Benthem, Drs A. (ADC ArcheoProjecten) (2017): Eemdijk
Dijkverbetering Een coupure door de Eemdijk bij
Bunschoten-Spakenburg. DANS. https://doi.org/10.17026/dans-zc3-f6vf

Lent, Bemmelsedijk Rondags, drs. E.J.N. (RAAP) (2019): Lent zones K en L, archeologisch
dijkonderzoek, gemeente Nijmegen. DANS.
https://doi.org/10.17026/dans-ze9-ars8

A.2 Example D-Stability model including DETRIS dike

This supplementary material contains screenshots of one of the D-Stability models
based on a previously conducted soil survey and a DETRIS dike simulation. These
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screenshots provide insight in how the DETRIS dike simulation and pressure heads
from the MODFLOW groundwater model are implemented in D-Stability. For readers
without experience with the software I recommend to have a look at the software
user manual first Deltares (2019). The cross-section, the material types and the
corresponding hydro-geo-mechanical parameters are explained in detail in the main
body of the manuscript. A short description will be provided here as well.

The cross-section mainly consists of sandy material below 0 m (above Dutch Ord-
nance Datum), but a clay cover can be found near the dike with a thickness of approx-
imately 4 m (Figure A.1). On the landward side of the dike a sandy wedge is present.
The dike itself consists of many layers (as simulated by the DETRIS algorithm) with
lithologies ranging from clay to sand, but some peat is present too (Figure A.2).

In the D-Stability software, groundwater conditions are defined by head lines and
reference lines. The head line represents a pressure head, and the reference line
represents the corresponding location in the cross-section where this pressure head is
valid. Linear interpolation of pressure heads in the z direction is applied in between
reference lines Deltares (2019). Contrary to common practice, in which only a phreatic
head line and one head line corresponding to a reference line in a deeper sand body are
schematized, we inserted many reference lines with a maximum z-interval of 1 meter
to fully capture the variability in groundwater conditions (Figure A.3). At depths
of special interest, such as the base of the dike or the top of the sandy aquifer, this
z-interval is further decreased. The transformation of the pixel-based MODFLOW
pressure head output to the line-based D-Stability schematization was automated
using python scripts.

Given two initial search areas, a particle swarm search algorithm aims to find the
center points of two circles, which together with a horizontal bar form the critical slip
plane using the Uplift Van method Van (2001). In this example a relatively shallow
slip plane is found to be most critical with a Safety Factor of 1.466 (Figure A.4).

To further analyze the forces acting on this slip plane, the software includes a slip
plane inspector. Here, we show the hydrostatic pressures (Figure A.5), with a clear
deflection at the inner toe of the dike. In the calculated shear stress (Figure A.6)
this deflection is observed as well. Additionally, variable the material type at the slip
plane results in small jumps in calculated shear stress, as the material parameters
(cohesion and internal friction angle) change as well (Figure A.6).
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Figure A.1 Overview of cross-section geometry and subsurface schematization. The loca-
tion of the dike is on the right of the cross-section. The river channel is located on the far
left of the cross-section.

Figure A.2 Overview of cross-section dike geometry and subsurface schematization. Note
again that the river is located on the left side of the dike.
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Figure A.3 Groundwater conditions as implemented in D-Stability. At an interval of max-
imum 1 meter reference lines are drawn to which the spatially variable piezometric head is
assigned. Note how (in blue) A reference line (RL 4) corresponds to a certain pressure head
line (HL 4).

Figure A.4 Overview of D-Stability result, including the search algorithm starting condition
and the circle centers for the critical slip plane according to the Uplift Van method Van
(2001).
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Figure A.5 Hydrostatic pressures (blue bars) at the base of the critical slip plane for each
slice as used in the stability calculation.

Figure A.6 Calculated shear stress at the base of the critical slip plane for each slice as used
in the stability calculation. Note the sudden jumps in the calculated shear stress (length of
the blue bars) where the material type at the base of the critical slip plane changes.
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